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EXECUTIVE SUMMARY  
 
While a number of studies have examined the use of recycled materials in concrete 
rigid pavements, few have specifically assessed the effect of recycled materials on the 
flexural load capacity of concrete slabs. This study used fractionated reclaimed asphalt 
pavement (FRAP) and recycled concrete aggregate (RCA) to partially or fully replace the 
coarse aggregate in concrete. In addition, ground granulated blast furnace slag and fly ash 
were added as supplementary cementitious materials. Both single- and two-lift slabs were 
constructed from five mixtures, which consisted of a virgin aggregate (the control) and four 
different replacements of coarse aggregate: 45% FRAP, 45% FRAP with macrofibers, 100% 
RCA, and a blend of 45% FRAP and 55% RCA.  
Laboratory specimen testing revealed that the virgin aggregate concrete had the 
highest strength (compression, split tension, and flexural) and modulus of elasticity, and the 
mix with 45% FRAP and fibers resulted in the lowest hardened properties, which was 
attributed to the relatively high air content of the fresh concrete. Relative to the virgin 
aggregate concrete, the reductions in flexural strength were 26%, 43%, 27%, and 25%, for 
the 45% FRAP, 45% FRAP with fibers, 100% RCA, and 45-55% FRAP-RCA blend mixtures, 
respectively. Based on the flexural strength results, the concrete slabs with recycled 
aggregates would be expected to have significantly lower flexural load capacities than the 
virgin aggregate concrete. A total of 16 large-scale concrete slabs (6 ft x 6 ft x 6 in. thick), 
both single- and two-lift designs, were monotonically tested to flexural failure. All of the 
concrete slabs with recycled aggregates resulted in higher peak flexural loads than the 
virgin aggregate concrete. Using a two-dimensional finite element analysis, it was found that 
the maximum tensile stress in the slab at failure was similar or higher for the concrete with 
recycled aggregates relative to the virgin aggregate concrete slabs. Therefore, the concrete 
slab load-carrying capacity is significantly under-predicted by the beam flexural strength 
measurements; the ratio of slab flexural strength to beam flexural strength was 1.5 for the 
virgin aggregate concrete and ranged from 1.9 to 2.7 for the concretes with recycled 
aggregates. The fracture testing of the concrete mixtures using the single edge notched 
beam geometry revealed that the critical stress intensity factor, initial fracture energy, and 
total fracture energy were not statistically different for the concretes with recycled 
aggregates relative to the virgin aggregate concrete mixtures, with the exception of the 45% 
FRAP mix with fibers. Overall this indicates that slab capacity is governed more by fracture 
properties rather than strength criterion. 
 The appendices present two additional topics. A literature review and analysis of 
using recycled washout water (grey water) from concrete batch plants as mixing water in 
fresh concrete revealed that grey water should be suitable for use in fresh concrete, 
provided that the solids content is not excessive and ASTM C1602 guidelines are followed. 
A short laboratory study also evaluated the use of use of recycled tire cord steel as fiber 
reinforcement in concrete, which revealed that the fibers could be beneficial for improving 
the concrete toughness, but would require a cost-benefit analysis for further justification 
relative to existing macro-fibers. 
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW 
 
The Illinois State Toll Highway Authority (the Tollway) is aiming to achieve a fully 
recycled construction site on its roadway projects. As a result, recycled materials are being 
investigated for application in rigid pavements. Specifically, higher proportions of by-product 
cementitious materials, such as ground granulated blast furnace slag and fly ash, are being 
used, as well as partial or full (100%) replacements of virgin coarse aggregate with 
fractionated reclaimed asphalt pavement (FRAP), recycled concrete aggregate (RCA), 
and/or slag aggregates. There have been numerous laboratory studies on the use of 
supplementary cementitious materials, FRAP, and RCA in concrete; but few studies have 
addressed these by-product and recycled construction materials in concrete slabs (Buch et 
al. 2000; Jensen and Hansen 2002; Jensen et al. 2005).  
The objective of this research was to evaluate the viability of using higher proportions 
of FRAP and RCA in concrete slabs, as well as higher replacement levels of by-product 
materials such as slag and fly ash. A total of 16 concrete slabs were constructed and 
statically tested to determine their peak flexural load capacity. Both conventional single-lift 
and two-lift concrete slabs were constructed. A total of five concrete mixes were evaluated: 
45% coarse FRAP, 45% coarse FRAP with fibers, 100% coarse RCA, 45-55% blend of 
coarse FRAP–RCA, and 100% virgin coarse aggregate. 
In addition, Appendices B and C discuss the prospects of using other recycled 
processes in concrete. The use of concrete washout water, so called grey water, in paving 
concrete is discussed in Appendix B, while Appendix C presents a literature review and a 
short laboratory study using recycled tire cord steel in concrete as fiber reinforcement.  
 
1.1 TWO-LIFT CONCRETE SLABS 
Two-lift concrete pavements, a type of composite pavement, consist of two concrete 
layers, typically with the bottom layer sometimes being of lower quality than the top layer. 
The two layers are paved in a “wet-on-wet” technique in which the top layer is paved over 
the bottom before the concrete has set. The bottom layer is thicker than the top layer and 
serves as the main bending-resistance component of the composite slab, while the top lift 
generally is constructed with higher-quality constituent materials for improved surface 
characteristics (i.e., noise, friction, or ride quality).  
Numerous evaluations of concrete construction practices have shown that two-lift 
concrete pavements have been used successfully in Europe (Darter 1992; Till and 
VanPortfliet 1992; Larson et al. 1993; Cable and Frentress 2004; Hall et al. 2007; Tompkins 
et al. 2010). Two-lift concrete pavements have been used in Germany since the 1930s 
(Darter 1992). However, two-lift pavements originated in the United States, where the first 
pavements of this type were constructed in the early 1900s; and a variation of the two-lift 
pavement that included placing a steel mesh in between the two lifts was also done in the 
United States between 1950 and 1990  (Cable and Frentress 2004). In the United States, 
experimental two-lift concrete pavements were constructed in the 1970s in Iowa, Florida, 
and North Dakota and in the 1990s in Kansas and Michigan (Cable and Frentress 2004). A 
two-lift demonstration project was also constructed on I-70 in Kansas in October 2008. 
Various two-lift construction projects were summarized by Rao et al. (2012), demonstrating 
that the performance of two-lift pavements can be acceptable even after many years in 
service (upward of 30 years) and with high truck volumes (up to 72 million trucks). 
The Michigan experimental two-lift project was built along I-75 in downtown Detroit 
and was opened to traffic in November 1993; it was based on the German and Austrian two-
lift design determined after a European tour in 1992 (Larson et al. 1993). After one year of 
operation, the two-lift pavement had zero surface distress features with the exception of a 
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few minor popouts, while the control “typical” pavement had one or two transverse cracks on 
50% of the panels (Smiley 1995). A bond test was originally intended to measure the bond 
strength between the two layers; but cores revealed adequate consolidation, so the tensile 
bond test was instead applied to the interface of the bottom lift and the lean concrete base, 
which revealed greater bond strengths than originally anticipated after 7 days (FHWA 1995). 
After 15 years in service, both the two-lift and the control pavements had low distress ratings 
and similar ride quality values (Smiley 2010).  
The Strategic Highway Research Program 2 (SHRP2), Project R21, created two-lift 
test sections in 2010 on the Minnesota Department of Transportation’s experimental 
pavement section MnROAD (Rao et al. 2012). Two experimental sections were constructed, 
each with a 6-in. bottom lift and 3-in. top lift. One section had a bottom lift with 50% RCA 
and 40% fly ash, and the other contained 60% fly ash and an inexpensive coarse aggregate 
in the bottom lift. The top lift in both sections was a 3/8-in. crushed granite coarse 
aggregate. After 1 year, no distresses have been observed, and a pull-off test has revealed 
the two lifts have good bonding.  
Through analyses, the SHRP2 project found that two-lift pavements have the same 
potential distress types as conventional concrete pavements, except that top-down 
longitudinal and fatigue cracking may not be as critical due to the higher-strength top layer 
(Rao et al. 2012). Higher-quality aggregates in the top layer can also benefit the pavement 
with a reduction in surface wear, noise, and improved friction and ride quality.   
One benefit of two-lift concrete is that the bottom lift can consist of lower-quality or 
more inexpensive aggregates, such as recycled aggregates. There have been some 
published studies in which two-lift slabs have contained recycled aggregates in the bottom 
lift—such as RAP (Sommer 1994; Wojakowski 1998) and RCA (Sommer 1994; Beeldens 
and Boonen 2012; Rao et al. 2012). In Europe, for two-lift construction, Austria requires that 
RCA and/or RAP be used in the bottom lift; and Germany allows the use of recycled 
materials in the bottom lift (Hall et al. 2007).  
 Sustainable two-lift pavements have also been constructed using photocatalytic 
cements in the top layer, which are activated by ultraviolet light to reduce harmful air 
pollutants. Experimental two-lift pavements with photocatalytic cements have been 
constructed in Missouri in 2011 (Cackler et al. 2012; Guerrini et al. 2012) and in Belgium in 
2011 (Beeldens and Boonen 2012). The site in Belgium also contained nearly 60% RCA in 
the bottom lift, and preliminary results have suggested promising results from the 
photocatalytic cement activity (Beeldens and Boonen 2012).   
 A concept similar to two-lift construction, known as functionally graded concrete 
slabs, considers the construction of concrete lifts in the fresh state, with a focus on 
increasing the cracking resistance of the bottom concrete layer. Laboratory studies have 
shown that improvement of the bottom lift fracture properties increases the fracture behavior 
of the two-lift concrete layer, such as using fiber-reinforced concrete in the bottom lift of the 
concrete (Roesler et al. 2007; Evangelista et al. 2009; Park et al. 2010).  
 
1.2 CONCRETE PAVEMENTS WITH RAP 
Field studies have shown that reclaimed asphalt pavement (RAP) can be 
successfully used in concrete. Sommer (1994) reported on the reconstruction of an Austrian 
highway in from 1991 through 1993 using the aggregate crushed from the existing roadway, 
which contained no more than 10% RAP. Current Austrian construction specifications allow 
RAP (> #4 sieve size) up to 20% in the bottom lift of two-lift concrete pavements (H. 
Sommer, personal communication, December 2011). An experimental two-lift pavement was 
built in 1976 in Iowa that was composed of a 7-in. bottom lift with recycled aggregate 
(recycled from the existing pavement, which had a concrete layer and an asphalt overlay) 
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and a 4-in. top lift with virgin concrete (Bergren and Britson 1977); the bottom lift had 25% 
RAP (coarse and fine) by volume (Calvert 1977).   
In 1997, the Kansas Department of Transportation constructed numerous doweled 
two-lift concrete test sections, one of which contained 15% RAP as a replacement of the 
intermediate aggregate size (Wojakowski 1998). These test sections were evaluated in 
2009, and it was found that the RAP section had a load transfer efficiency of 85%, although 
the section had minimally greater faulting (0.22 vs. 0.15 mm per joint) and spalling (83 vs. 
67 mm per joint) versus the control section (McLeod 2010).  
In France, a test section with fiber-reinforced roller-compacted concrete (FRCC) with 
various RAP contents was constructed in 2009 off Highway A6 (Bilodeau et al. 2011). 
Accelerated pavement testing of this FRCC with RAP has commenced (Bilodeau et al. 
2012; Nguyen et al. 2012). The data collected over nine months with more than 2 million 
dual wheel loads of 65 kN (simulated 20 years of service life under heavy truck traffic) was 
used to create an experimental pavement design. It was found that FRCC with RAP as a 
base layer needs to be slightly thicker (1 to 2 cm) than FRCC with virgin limestone 
aggregate. However, the total pavement thickness with FRCC is less than typical French 
pavements without FRCC (Nguyen et al. 2012).  
 
1.3 CONCRETE PAVEMENTS WITH RCA 
The use of RCA in concrete has been investigated in a host of laboratory studies, but 
fewer studies have focused specifically on RCA in concrete pavements. The following 
section summarizes a sample of the published field studies that have been done on 
concrete pavements with RCA: 
• Yrjanson (1989) reported on the construction of numerous concrete pavements with 
RCA from 1975 to 1986, as well as RCA in airport pavements. In a pavement layer, RCA 
was used as far back as 1964, when it was used in a cement-treated base at Love Field 
in Dallas.  
• From 1986 through 1987, the Illinois Department of Transportation constructed a 
continuously reinforced concrete pavement inlay on I-57 that contained 100% coarse 
RCA and a percentage (~35%) of the fine aggregate contained RCA (Schutzbach 1993). 
In the years following the construction, the pavement was monitored, no deterioration 
was reported, and no maintenance was required after 5 to 6 years in service 
(Schutzbach 1993). After 20 years, the pavement was reevaluated; and it was found that 
the pavement had outperformed the design criteria; the main pavement distress was 
longitudinal cracking over the continuous steel bars (Roesler and Huntley 2009).  
• A continuously reinforced concrete pavement was constructed in Texas in 1995 that 
used 100% RCA as both the coarse and fine aggregates; and the pavement was found, 
after over 10 years in service, to have no serious structural distresses (Choi and Won 
2009).  
• Chini et al. (2001) studied the use of RCA at various percentages in an accelerated test 
track facility and found that after simulating 4.2 years of life, all test sections (even up to 
100% coarse RCA) performed equally well to the control section.   
• Wade et al. (1997) surveyed a number of field studies with RCA, including ones with 
control sections alongside the RCA pavement sections. The compressive strength of 
cores from the pavements yielded higher strengths for the concrete with RCA versus the 
virgin aggregate for all surveyed sections except one. After surveying the slab cracking 
and joint spalling, no correlation was found between RCA mortar content and cracking 
and no relationship between spalling and type of pavement (i.e., RCA versus virgin 
aggregate).  
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• Sturtevant (2007) did a study to reevaluate numerous aging concrete pavements that 
contained RCA. It was found that RCA pavements could perform as well as normal 
concrete pavements, even if the RCA pavement is undergoing an unmitigated alkali-
silica reaction (ASR).  
• A review by Anderson et al. (2009) found that Iowa, Michigan, Minnesota, Wisconsin, 
and Wyoming have constructed a number of test pavements with RCA, and 15 states 
have constructed at least one trial pavement with RCA.  
• The MnROAD two-lift concrete pavement with RCA in the bottom lift demonstrated a 
potential for good performance (Rao et al. 2012). One test section contained 50% RCA 
in the bottom lift. After a year of heavy truck traffic, the pavement with RCA was 
performing adequately.  
 
1.4 LABORATORY TESTING OF CONCRETE SLABS 
A number of studies have tested concrete slabs in the laboratory at the University of 
Illinois at Urbana-Champaign (Roesler 1998; Littleton 2003; Gaedicke 2009; Amirkhanian 
2012). One of the key findings of all these concrete slab tests is that there is not a constant 
relationship between the concrete beam flexural strength and the slab load capacity. With 
traditional beam flexural strength measurements, the corresponding slab flexural load 
capacity cannot be accurately predicted (Beckett and Humphreys 1989; Roesler 1998; 
Roesler et al. 2004, 2005, 2012; Kohler 2005; Rao 2005; Cervantes and Roesler 2009). This 
lack of predictive slab load capacity has been attributed to the size effect (Roesler 2006; 
Evangelista 2011), a phenomenon that explains why a given concrete material has different 
nominal strengths at failure due to different specimen geometries (slab dimensions), 
boundary conditions, and load configurations (Bažant and Planas 1998). Researchers have 
clearly demonstrated that the concrete slab load capacity can be predicted more accurately 
through fracture mechanics (Meda and Plizzari 2004; Sorelli et al. 2006; Gaedicke 2009; 
Evangelista 2011; Gaedicke et al. 2012).  
The use of fibers in concrete has been found to increase the flexural load capacity of 
slabs experimentally (Beckett and Humphreys 1989; Beckett et al. 1999; Roesler et al. 
2004; Sorelli et al. 2006; Amirkhanian 2012) and through numerical simulations (Gaedicke 
2009). Some studies have found that RCA may experimentally increase the flexural load 
capacity of concrete slabs (Amirkhanian 2012). However, through numerical simulations, 
another RCA source could produce a lower slab load capacity and faster crack propagation 
(Gaedicke et al. 2012).  
 
1.5 ILLINOIS TOLLWAY PROJECTS WITH RECYCLED AGGREGATES 
The Illinois Tollway has implemented several test projects to use recycled 
aggregates and composite pavements. In 2010, the first concrete test section with FRAP 
was built by the Illinois Tollway as an on-ramp to I-94. Further details on this project can be 
found in Brand et al. (2012). After this test project, the Tollway allowed the use of FRAP in 
concrete as a composite pavement (a two-layer system with concrete on the bottom and 
hot-mix or warm-mix asphalt on the top) for all on- and off-ramps to the Tollway roadways.  
The Tollway’s first two-lift concrete pavement with FRAP was constructed in 
September 2012 on I-88 (Figure 1). The bottom lift mix consisted of a ternary blend of 
cementitious materials (Portland cement, ground granulated blast furnace slag, and fly ash 
with a total cementitious content of 585 lb/yd3) with 21% FRAP replacement of the coarse 
aggregate. Other mix design proportions were not provided by the contractor. The pavement 
thickness was 8 in. of bottom lift with FRAP and a 3.5-in. top lift of conventional paving 
concrete with virgin aggregates. Some additional details on the design process behind the 
Tollway’s two-lift pavement can be found in Gillen et al. (2012) and Bentsen et al. (2013). 
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The testing by the Tollway revealed that the top and bottom lifts met the required strengths. 
Additional testing was done by the University of Illinois at a concrete age of 140 days, 
confirming that the top and bottom lift concretes had acceptable mechanical properties 
(Table 1 and Table 2); see Section 2.5.5 for additional details on the fracture testing. A 
statistical analysis (t-test) revealed that all of the fracture properties shown in Table 2 were 
not statistically different between the top and bottom lift concretes. The fracture properties in 
Table 2 compared reasonably well to the previous laboratory findings by Brand et al. (2012).  
 
Table 1: Concrete strength properties for the Illinois Tollway’s first two-lift pavement. 
 Specimen Top Lift Bottom Lift 
Compressive Strength (psi)* 
1 8,091 6,812 
2 6,857 4,644 
Average 7,474 5,728 
Split Tensile Strength (psi) 
1 550 690 
2 728 548 
3 697 533 
Average 658 591 
*A third specimen was tested for both lifts but failed at <3,500psi. 
 
 
Table 2: SEN(B) concrete fracture properties for the Illinois Tollway’s first two-lift pavement. 
  
Stress 
Intensity 
Factor, KSIc 
(MPa m1/2) 
Critical Crack 
Tip Opening 
Displacement, 
CTODc (mm) 
Initial 
Fracture 
Energy, 
GsIc (N/m) 
Peak Load, 
P (kN) 
Total Fracture 
Energy, GF 
(N/m) 
Top Lift  
(Plain Concrete) 1.349 (8.8%) 0.0148 (30%) 
49.2 
(17%) 
4.93 
(4.2%) 72.5 (6.3%) 
      
Bottom Lift 
(FRAP Concrete) 1.311 (7.1%) 0.0163 (10%) 
50.3 
(7.7%) 
4.61 
(7.2%) 79.4 (7.8%) 
Note: Values are presented as the average of three tests with the coefficient of variation in parenthesis 
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(a) 
 
(b) 
Figure 1. Tollway two-lift construction on I-88 showing (a) the two pavers and (b) the top lift 
being placed on the bottom lift. 
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CHAPTER 2 AGGREGATE PROPERTIES AND CONCRETE MIX 
DESIGN 
 
2.1 AGGREGATE PROPERTIES 
Five aggregate sources were used in this study: virgin coarse aggregate, virgin 
intermediate aggregate (chips), fractionated reclaimed asphalt pavement (FRAP), recycled 
concrete aggregate (RCA), and virgin fine aggregate (sand). The measured aggregate 
properties and corresponding test method are shown in Table 3. The virgin coarse and fine 
aggregates and FRAP were supplied by the Tollway from sources in northern Illinois. The 
RCA was also supplied by the Tollway but was sourced from O’Hare International Airport in 
Chicago, Illinois. The stockpile of virgin intermediate aggregate that the local Champaign, 
Illinois, ready-mix plant had was used; it was sourced from Kankakee, Illinois. With the 
exception of the virgin intermediate aggregate, all aggregates were provided to the ready-
mix plant. All values reported here for the intermediate aggregate were provided by the 
ready-mix plant.  
 
Table 3: Aggregate properties tested. 
Test Standard 
Gradation ASTM C136 (2006) 
  
Unit Weight (Rodding Method) ASTM C29 (2009) 
  
Specific Gravity and Absorption Coarse: ASTM C127 (2007) Fine: ASTM C128 (2007) 
 
2.1.1 Aggregate Gradations 
The aggregate gradations were determined following ASTM C136 (2006). The 
gradation for the virgin coarse aggregate is shown in Table 4 and is classified as Illinois 
Department of Transportation (IDOT) CA11. The gradation for the virgin intermediate 
aggregate is shown in Table 5, which meets the classification of an IDOT CA16. The FRAP 
gradation is shown in Table 6, which does not meet any IDOT classifications, although it is 
similar to a CA11 except that there is an excessive amount of aggregate passing the 1/2-in. 
(12.5-mm) sieve. The gradation for the RCA is shown in Table 7, and it does not meet any 
IDOT classifications, although the closest classification is a CA7. The virgin fine aggregate 
gradation, shown in Table 8, meets the gradation requirements for both IDOT FA01 and 
FA02. All aggregate gradations are also plotted in Figure 2. 
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Table 4: Virgin coarse aggregate gradation (cumulative percent passing). 
Sieve Size Test 1 Test 2 Test 3 Average 
IDOT 
CA11 
Gradation 
1" 25.0 mm 100.0% 100.0% 100.0% 100.0% 100% 
3/4" 19.0 mm 89.8% 89.2% 89.3% 89.4% 84–100% 
5/8" 16.0 mm 64.7% 64.1% 65.4% 64.8% – 
1/2" 12.5 mm 35.1% 30.9% 34.9% 33.7% 30–60% 
3/8" 9.5 mm 13.0% 10.8% 13.5% 12.4% – 
1/4" 6.35 mm 2.8% 2.0% 2.7% 2.5% – 
#4 4.75 mm 1.7% 1.5% 1.8% 1.6% 0–12% 
#8 2.36 mm 1.2% 1.2% 1.3% 1.2% – 
#16 1.18 mm 1.2% 1.1% 1.2% 1.2% 0–6% 
#30 0.6 mm 1.2% 1.1% 1.2% 1.2% – 
#50 0.3 mm 1.1% 1.1% 1.2% 1.1% – 
#100 0.15 mm 1.0% 1.0% 1.1% 1.0% – 
#200 0.075 mm 0.8% 0.7% 0.4% 0.6% – 
 
 
Table 5: Virgin intermediate aggregate gradation (cumulative percent passing). 
Sieve Size Reported IDOT CA16 Gradation 
1/2" 12.5 mm 100.0% 100% 
3/8" 9.5 mm 95.1% 94–100% 
1/4" 6.4 mm 58.3% – 
#4 4.75 mm 33.4% 15–45% 
#8 2.36 mm 5.4% – 
#16 1.18 mm 2.2% 0–4% 
#200 0.075 mm 1.4% – 
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Table 6: FRAP gradation (cumulative percent passing). 
Sieve Size Test 1 Test 2 Test 3 Average IDOT CA11 Gradation 
1" 25.0 mm 100.0% 100.0% 100.0% 100.0% 100% 
3/4" 19.0 mm 100.0% 100.0% 100.0% 100.0% 84–100% 
5/8" 16.0 mm 100.0% 100.0% 100.0% 100.0% – 
1/2" 12.5 mm 63.5% 64.7% 66.8% 65.0% 30–60% 
3/8" 9.5 mm 22.7% 24.6% 28.2% 25.2% – 
1/4" 6.35 mm 13.2% 14.3% 16.0% 14.5% – 
#4 4.75 mm 7.7% 8.3% 9.0% 8.3% 0–12% 
#8 2.36 mm 2.8% 3.1% 3.2% 3.0% – 
#16 1.18 mm 1.3% 1.5% 1.6% 1.5% 0–6% 
#30 0.6 mm 0.8% 1.0% 1.1% 1.0% – 
#50 0.3 mm 0.6% 0.7% 0.7% 0.7% – 
#100 0.15 mm 0.4% 0.4% 0.2% 0.3% – 
#200 0.075 mm 0.2% 0.2% 0.0% 0.1% – 
 
Table 7: RCA gradation (cumulative percent passing). 
Sieve Size Test 1 Test 2 Test 3 Average IDOT CA7 Gradation 
1.5” 38.0 mm 100.0% 100.0% 100.0% 100.0% 100% 
1" 25.0 mm 85.1% 81.7% 85.9% 84.2% 90–100% 
3/4" 19.0 mm 54.8% 53.5% 57.8% 55.4% – 
5/8" 16.0 mm 38.9% 37.7% 43.5% 40.0% – 
1/2" 12.5 mm 20.7% 19.5% 24.4% 21.5% 30–60% 
3/8" 9.5 mm 8.7% 7.6% 10.7% 9.0% – 
1/4" 6.35 mm 3.8% 3.1% 4.7% 3.9% – 
#4 4.75 mm 3.8% 3.1% 4.6% 3.8% 0–10% 
#8 2.36 mm 3.7% 3.0% 4.5% 3.8% – 
#16 1.18 mm 3.7% 3.0% 4.5% 3.7% – 
#30 0.6 mm 3.6% 3.0% 4.4% 3.7% – 
#50 0.3 mm 2.8% 2.4% 3.3% 2.8% – 
#100 0.15 mm 1.6% 1.1% 1.6% 1.4% – 
#200 0.075 mm 0.6% 0.2% 0.3% 0.4% – 
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Table 8: Virgin fine aggregate gradation (cumulative percent passing). 
Sieve Size Test 1 Test 2 Test 3 Average IDOT FA01 (FA02) Gradation 
3/8" 9.5 mm 100.0% 100.0% 100.0% 100.0% 100% 
1/4" 6.35 mm 99.8% 99.7% 99.8% 99.8% – 
#4 4.75 mm 99.5% 99.4% 99.5% 99.5% 94–100% 
#8 2.36 mm 90.4% 90.6% 90.7% 90.6% – 
#16 1.18 mm 66.5% 66.8% 66.5% 66.6% 45–85% 
#30 0.6 mm 41.8% 41.6% 41.6% 41.7% – 
#50 0.3 mm 14.6% 11.4% 9.6% 11.9% 3–29% (10–30%) 
#100 0.15 mm 3.5% 3.2% 2.8% 3.2% 0–10% 
#200 0.075 mm 1.1% 1.1% 1.1% 1.1% – 
 
 
Figure 2: A plot of the gradation for each aggregate. 
 
 
2.1.2 Aggregate Unit Weight 
The test for unit weight was conducted using the rodding method specified in ASTM 
C29 (2009). All aggregates were tested in the oven-dry condition, with the exception of the 
FRAP, because the elevated temperatures risked melting the asphalt and agglomerating the 
FRAP particles. Instead, the FRAP was air-dried prior to conducting the unit weight test. The 
unit weight for each aggregate is shown in Table 9. As expected, the aggregate unit weight 
is lower for the recycled aggregates (FRAP and RCA) than for the virgin aggregates.  
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Table 9: Unit weight by rodding method for each aggregate type (in lb/ft3). 
  1 2 3 Average 
Virgin Coarse Aggregate 95.1 95.6 97.0 95.9 
FRAP 94.4 95.6 94.5 94.8 
RCA 89.6 90.8 90.5 90.3 
Virgin Fine Aggregate 107.8 109.9 109.3 109.0 
 
2.1.3 Aggregate Specific Gravity and Absorption 
The values for specific gravity (SG) and absorption are summarized in Table 10 to 
Table 14. The specific gravity was computed relative to the oven-dry (OD) and saturated 
surface-dry (SSD) conditions. As expected, the recycled aggregates (FRAP and RCA) result 
in lower values for specific gravity, mainly due to the asphalt on the FRAP and mortar on the 
RCA. In addition, the RCA had a rather high absorption, as expected, likely due to the 
presence of the mortar on the aggregate. The Relative SG (SSD) was used in the mix 
design procedure.  
 
Table 10: Virgin coarse aggregate specific gravity and absorption. 
 
1 2 3 Average 
Relative SG (OD) 2.66 2.67 2.66 2.66 
Relative SG (SSD) 2.71 2.71 2.71 2.71 
Apparent SG 2.79 2.79 2.79 2.79 
Absorption 1.74% 1.54% 1.78% 1.69% 
 
Table 11: Virgin intermediate aggregate specific gravity and absorption. 
 
Reported 
Relative SG (SSD) 2.67 
Absorption 2.1% 
 
Table 12: FRAP specific gravity and absorption. 
 
1 2 3 Average 
Relative SG (OD) 2.49 2.50 2.50 2.50 
Relative SG (SSD) 2.54 2.54 2.55 2.54 
Apparent SG 2.62 2.62 2.63 2.62 
Absorption 2.02% 1.97% 1.90% 1.96% 
 
Table 13: RCA specific gravity and absorption. 
 
1 2 3 Average 
Relative SG (OD) 2.35 2.32 2.31 2.33 
Relative SG (SSD) 2.46 2.45 2.44 2.45 
Apparent SG 2.64 2.67 2.66 2.66 
Absorption 4.80% 5.67% 5.74% 5.40% 
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Table 14: Virgin fine aggregate specific gravity and absorption. 
 
1 2 3 Average 
Relative SG (OD) 2.65 2.64 2.64 2.64 
Relative SG (SSD) 2.68 2.69 2.69 2.69 
Apparent SG 2.74 2.77 2.76 2.76 
Absorption 1.33% 1.72% 1.66% 1.57% 
 
2.1.4 Asphalt Content 
The amount of asphalt on the FRAP was determined by weight using a centrifuge 
extraction technique, following AASHTO T164 (2011). The asphalt content, determined as 
the average of three tests, was found to be about 3.8%, as shown in Table 15.  
 
Table 15: Asphalt content of FRAP by centrifuge extraction. 
 1 2 3 Average 
Asphalt Content 4.03% 3.91% 3.34% 3.76% 
 
2.1.5 FRAP Gradation with Binder Removed 
After the asphalt binder was removed from the FRAP to determine the asphalt 
content, the remaining aggregate gradation was determined following ASTM C136 (2006). 
The gradation is shown in Table 16. Figure 3 compares the gradations of the FRAP 
(previously listed in Table 6) and the FRAP with the asphalt binder removed. As expected, 
the FRAP with asphalt removed has a greater cumulative amount passing a given sieve, as 
there is no longer asphalt binder on the aggregate.  
 
Table 16: Gradation of FRAP after binder extraction (cumulative percent passing). 
Sieve Size Test 1 Test 2 Test 3 Average 
5/8" 16.0 mm 100.0% 100.0% 100.0% 100.0% 
1/2" 12.5 mm 100.0% 99.4% 100.0% 99.8% 
3/8" 9.5 mm 94.8% 90.9% 92.5% 92.7% 
1/4" 6.35 mm 74.7% 66.0% 67.4% 69.4% 
#4 4.75 mm 57.1% 48.0% 48.0% 51.0% 
#8 2.36 mm 33.7% 25.2% 25.9% 28.3% 
#16 1.18 mm 21.2% 16.0% 16.8% 18.0% 
#30 0.6 mm 15.1% 11.8% 12.4% 13.1% 
#50 0.3 mm 10.6% 8.3% 8.8% 9.2% 
#100 0.15 mm 7.1% 5.3% 5.9% 6.1% 
#200 0.075 mm 4.0% 2.8% 3.3% 3.4% 
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Figure 3: Comparison of gradations for the FRAP versus FRAP with the  
asphalt binder removed.  
 
2.1.6 Aggregate Mineralogy 
The aggregate mineralogy was determined using x-ray diffraction (XRD) on a 
powdered sample. The fine aggregate was ground using a mortar and pestle, while the 
coarse aggregate were powdered by using a disc pulverizer. Only the particles passing the 
#200 sieve (particles sizes ≤ 74 μm) were used in the XRD. Previous results (Brand et al. 
2012) found that the virgin coarse aggregate and FRAP (with binder removed) are 
composed of dolomite, CaMg(CO3)2, and the virgin fine aggregate is composed of dolomite 
and quartz (SiO2). Thus the only aggregates investigated for mineralogy were the virgin 
intermediate aggregate and the RCA.  
 A Siemens-Bruker D5000 XRD was used with copper (Cu) Kα radiation at 40 keV 
and 30 mA. The machine was also outfitted with a graphite monochromator and a 
scintillation detector. A 0.5 cm3 sample size was examined at 2θ angles from 15° to 90° with 
an increment of 0.02° and a scan speed of 1° per minute for the virgin intermediate 
aggregate and at 2θ angles from 5° to 90° with an increment of 0.02° and a scan speed of 
0.7° per minute for the RCA. A low start angle was used for the RCA to see if there is any 
ettringite in the sample (ettringite has a strong low-angle peak at around 2θ = 9°). Using the 
same RCA source, Amirkhanian (2012) found that the RCA contains various coarse 
aggregates, such as dolomite and granite (which are likely from the coarse aggregates) and 
quartz (which is likely the fine aggregate).  
 It was found that the virgin intermediate aggregate was primarily dolomite 
CaMg(CO3)2 with very few unidentified peaks (Figure 4 and Table 17). The remaining peaks 
are similar to the strong peaks for quartz SiO2, so it is possible that some quartz is present 
in the aggregate. However, data are insufficient to verify this definitively. 
 For the RCA, the primary phases identified were dolomite and quartz (Figure 5 and 
Table 18), which are likely due to the virgin coarse and fine aggregates present in the 
original concrete. There are a number of unidentified peaks, but the amount is insufficient to 
definitively identify them. It is possible that the remaining peaks are related to the cement 
hydration products; but because the RCA sample is primarily coarse aggregate (at least by 
visual inspection), then the powder sample likely contains only a little cementitious hydration 
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products. Given that calcium silicate hydrate (C-S-H) has such a variable microstructure and 
chemical composition, it is possible that the remaining peaks are due to C-S-H, which can 
have a peak in the d-spacing range of 2.7-3.1 Å and around 1.8 Å (Taylor 1997). Thus the 
peaks at 3.200, 3.042, and 1.916 Å may be attributable to C-S-H.  
 
 
Figure 4: XRD spectrum for the virgin intermediate aggregate. 
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Table 17: Identified peaks and phases for the virgin intermediate aggregate. 
Experimental Data Identified Phase(s) 
2θ 
(degrees) d (Å) 
Relative 
Intensity (%) 
Identified 
Phase d (Å) 
Relative 
Intensity 
(%) 
20.797 4.2675 2.0 – – – 
21.945 4.0470 2.0 Dolomite 4.0439 1.0 
23.963 3.7105 5.2 Dolomite 3.7081 4.0 
26.560 3.3533 7.7 – – – 
27.456 3.2459 1.4 – – – 
30.880 2.8933 100.0 Dolomite 2.8935 100.0 
33.459 2.6760 5.1 Dolomite 2.6746 4.0 
35.225 2.5457 5.6 Dolomite 2.5432 3.0 
37.335 2.4066 6.5 Dolomite 2.4077 7.0 
41.041 2.1974 19.5 Dolomite 2.1961 19.0 
42.381 2.1309 0.8 – – – 
43.738 2.0679 3.6 Dolomite 2.0677 3.0 
44.862 2.0187 12.4 Dolomite 2.0176 10.0 
49.277 1.8477 2.8 Dolomite 1.8494 3.0 
50.462 1.8070 15.2 Dolomite 1.8069 10.0 
51.019 1.7886 12.6 Dolomite 1.7890 13.0 
58.783 1.5695 2.2 Dolomite 1.5682 2.0 
59.758 1.5462 4.7 Dolomite 1.5460 4.0 
63.342 1.4671 4.3 Dolomite 1.4664 2.0 
64.479 1.4439 1.3 Dolomite 1.4447 2.0 
65.119 1.4313 2.2 Dolomite 1.4320 1.0 
67.360 1.3890 3.8 Dolomite 1.3896 2.0 
70.382 1.3366 2.1 Dolomite 1.3360 1.0 
72.778 1.2984 1.4 Dolomite 1.2979 1.0 
74.638 1.2706 1.7 Dolomite 1.2707 1.0 
76.915 1.2385 1.7 Dolomite 1.2382 1.0 
82.564 1.1675 1.3 Dolomite 1.1679 1.0 
86.565 1.1235 1.2 Dolomite 1.1234 1.0 
87.839 1.1105 3.3 Dolomite 1.1105 1.0 
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Figure 5. XRD spectrum for the RCA. 
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Table 18: Identified peaks and phases for RCA. 
Experimental Data Identified Phase(s) 
2θ 
(degrees) d (Å) 
Relative 
Intensity (%) 
Identified 
Phase d (Å) 
Relative 
Intensity (%) 
20.795 4.2681 5.3 Quartz 4.2759 11.8 
21.951 4.0458 2.3 Dolomite 4.0440 2.5 
23.610 3.7652 2.7 – – – 
24.009 3.7034 6.2 Dolomite 3.7060 5.3 
26.523 3.3579 34.6 Quartz 3.3560 100.0 
27.857 3.2001 1.2 – – – 
29.336 3.0420 7.8 – – – 
30.859 2.8952 100.0 Dolomite 2.8931 100.0 
33.445 2.6770 4.7 Dolomite 2.6746 4.5 
35.219 2.5461 5.1 Dolomite 2.5442 5.5 
36.427 2.4644 2.0 Quartz 2.4635 7.3 
37.261 2.4111 7.4 Dolomite 2.4097 10.6 
39.337 2.2886 3.9 Quartz 2.2869 7.6 
41.039 2.1975 24.8 Dolomite 2.1967 26.8 
43.028 2.1004 1.2 – – – 
43.737 2.0680 3.6 Dolomite 2.0689 4.1 
44.840 2.0196 13.0 Dolomite 2.0191 13.8 
47.410 1.9160 1.3 – – – 
49.198 1.8504 3.9 Dolomite 1.8506 4.6 
50.023 1.8219 3.6 Quartz 1.8214 12.3 
50.460 1.8071 18.2 Dolomite 1.8069 16.4 
50.981 1.7898 16.2 Dolomite 1.7893 20.7 
54.722 1.6760 4.9 Quartz 1.6746 3.0 
58.831 1.5684 3.7 Dolomite 1.5690 3.4 
59.778 1.5458 5.9 Dolomite 1.5469 8.2 
63.324 1.4675 5.1 Dolomite 1.4671 5.8 
64.420 1.4451 2.7 Dolomite 1.4450 2.4 
65.057 1.4325 3.0 Dolomite 1.4321 3.0 
66.007 1.4142 2.1 Dolomite 1.4147 2.2 
67.360 1.3890 3.8 Dolomite 1.3902 7.0 
68.077 1.3761 2.7 Dolomite 1.3759 0.1 
70.380 1.3366 3.7 Dolomite 1.3360 3.1 
72.723 1.2992 1.5 Dolomite 1.2984 1.6 
74.620 1.2708 1.8 Dolomite 1.2709 2.3 
76.974 1.2377 2.4 Dolomite 1.2388 3.0 
82.543 1.1678 2.0 Dolomite 1.1680 1.9 
87.758 1.1113 2.4 Dolomite 1.1111 5.0 
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2.2 MIX DESIGN 
A total of four mixes were developed for the slab testing. A fifth mix was also created 
by adding synthetic fibers on-site to one of the mixtures. Each mix had the same 
cementitious content (610 lb/yd3 cementitious with 55% Type I Portland cement, 35% Grade 
100 ground granulated blast furnace slag, and 10% Class C fly ash) and water-to-
cementitious ratio (w/cm) of 0.37. The specific gravities of each cementitious material were 
3.15 (cement), 2.90 (slag), and 2.68 (fly ash).  
The four concrete mixtures to be tested were virgin (control) concrete, concrete with 
45% FRAP replacement of coarse aggregate, concrete with 100% RCA replacement of 
coarse aggregate, and concrete with total replacement of virgin coarse aggregate with a 
blend of 45% FRAP and 55% RCA. The concrete with 45% FRAP was the mix that had 
synthetic fibers added to it on-site. The four mix designs are shown in Table 19. The virgin 
(control) mix used 30% intermediate aggregate to produce a more optimized gradation. As 
can be noted, the total cementitious content, virgin fine aggregate, and water remained 
constant across all mixtures, while the total coarse aggregate content varied, which was due 
to the change in the specific gravity when the aggregates were blended. Each mix was 
designed to have the same volume of cementitious material, coarse aggregate, fine 
aggregate, and water. The mix was designed following the IDOT Portland Cement Concrete 
Technician Level III (IDOT PCC Level III) guide (IDOT 2009). All parameters were within the 
limits for IDOT Class PV (paving) concrete. The mixtures were designed based on the SSD 
condition of the aggregate, and the ready-mix concrete plant accounted for the moisture 
content of the aggregate relative to SSD and adjusted the added water amount accordingly. 
The blended aggregate material properties can be found in Table 20. Due to the lower 
specific gravities of the FRAP and RCA, the blended specific gravity values were reduced.  
 
Table 19: Mix designs for virgin and recycled aggregate concretes (in lb/yd3). 
  
Virgin 
Mix 
45% 
FRAP 
100% 
RCA 
45:55% 
FRAP–RCA 
Total Cementitious 610.0 610.0 610.0 610.0 
  Cement 335.5 335.5 335.5 335.5 
  Slag 213.5 213.5 213.5 213.5 
  Fly Ash 61.0 61.0 61.0 61.0 
Total Coarse Aggregate (SSD) 1,867.9 1,822.3 1,696.2 1,724.9 
  Virgin Coarse Aggregate, CA11 (SSD) 1,307.5 1,002.3 0.0 0.0 
  Virgin Intermediate Aggregate, CA16 (SSD) 560.4 0.0 0.0 0.0 
  FRAP (SSD) 0.0 820.0 0.0 776.2 
  RCA (SSD) 0.0 0.0 1,696.2 948.7 
Virgin Fine Aggregate (SSD) 1,216.9 1,216.9 1,216.9 1,216.9 
Water 226.4 226.4 226.4 226.4 
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Table 20: Blended coarse aggregate physical properties per mix. 
  
Virgin Mix 45% FRAP 100% RCA 
45-55% 
FRAP-
RCA 
Blended Coarse 
Aggregate Specific 
Gravity (SSD) 
2.70 2.63 2.45 2.49 
 Sieve Size Blended Gradation 
1.5" 37.5 100.0% 100.0% 100.0% 100.0% 
1" 25.0 100.0% 100.0% 84.2% 91.3% 
3/4" 19.0 92.6% 94.2% 55.4% 75.5% 
5/8" 16.0 75.3% 80.6% 40.0% 67.0% 
1/2" 12.5 53.6% 47.8% 21.5% 41.1% 
3/8" 9.5 37.2% 18.2% 9.0% 16.3% 
1/4" 6.4 19.2% 7.9% 3.9% 8.7% 
#4 4.75 11.2% 4.7% 3.8% 5.9% 
#8 2.36 2.5% 2.1% 3.8% 3.4% 
#16 1.18 1.5% 1.3% 3.7% 2.7% 
#30 0.6 1.4% 1.1% 3.7% 2.4% 
#50 0.3 1.3% 0.9% 2.8% 1.9% 
#100 0.15 1.2% 0.7% 1.4% 0.9% 
#200 0.075 0.8% 0.4% 0.4% 0.3% 
 
Two admixtures were added to the truck at the ready-mix plant: one mid-range water 
reducer and an air-entrainer. At the ready-mix plant, the water reducer (Master Builders 
Pozzolith 80) was added at a dosage of 4 fl oz per 100 lb of cementitious material, and the 
air-entrainer (Master Builders MB-AE 90) was added at a dosage of 1 fl oz per 100 lb of 
cementitious material. A high-range water reducer (superplasticizer, Master Builders PS 
1466) was brought in the concrete trucks to be added to the concrete on-site, as needed, to 
obtain a workable concrete for slab casting.  
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CHAPTER 3 CONCRETE SLAB CONSTRUCTION 
 
3.1 SLAB SPECIFICATIONS 
A total of 16 wood forms were constructed to cast the slabs. Each slab measured 6 x 
6 ft square and 6 in. thick. Eight of the slabs were constructed full-depth. The other eight 
were two-lift construction, with the bottom 4 in. of the slab consisting of the recycled 
aggregate concrete and the top 2 in. being typical virgin concrete (see Figure 6). The slab 
forms were marked at the 4-in. level for construction purposes (see Figure 7). As also seen 
in Figure 7, anchors were added in the sides of the forms to allow for lifting and moving the 
slabs after construction. Four anchors were used (two per side) with each anchor placed 1.5  
ft from the slab corner.  
 
 
Figure 6: Two-lift concrete slab schematic. 
 
 
Figure 7: The two-lift construction slab forms were marked at the 4-in. level to show  
where to stop the first lift. 
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3.1 SLAB CASTING 
The slabs were constructed on May 17, 2012, in the late morning, at the University of 
Illinois Advanced Transportation Research Engineering Laboratory (ATREL) facility in 
Rantoul, Illinois. The National Weather Service data from Willard Airport in Champaign, 
Illinois, reported a maximum temperature of 79°F with average wind speeds of about 10 
mph and gusts up to 20 mph. The day was predominantly sunny with very few clouds and 
no precipitation.  
A total of four concrete trucks arrived in the order and at the times specified in Table 
21. However, construction did not begin immediately upon the arrival of each truck. There 
were delays because the concrete discharge from the previous truck may not have been 
finished. In addition, prior to construction, a high-range water reducer (superplasticizer) was 
added to Trucks 1, 2, and 3 to improve the workability. One-half gallon of superplasticizer 
was added to Truck 1, and 1/4 gal. was added to Trucks 2 and 3. This corresponds to 
dosages of approximately 2.5 fl oz per 100 lb cementitious for Truck 1 and 1.6 fl oz per 100 
lb cementitious for Trucks 2 and 3.  
 
Table 21: Truck arrival order and time. 
Truck 
Number Mix Description 
Approximate Arrival 
Time 
Concrete 
Amount (yd3) 
1 45% FRAP 10:00 a.m. 4.2 
2 100% RCA 10:30 a.m. 3.2 
3 45-55% FRAP-RCA 10:50 a.m. 3.2 
4 Virgin Concrete 11:10 a.m. 4.0 
 
As seen in Table 23, Slabs 1 through 4 were constructed using the concrete from 
Truck 1, and then fibers were added to the mix for the construction of Slabs 5 and 6. A total 
of 11 lb of synthetic fibers was added to Truck 1, which correlated to an approximate dosage 
of 6.3 lb/yd3 (0.43% by volume). The fibers used were Strux 90/40, which are a 
polypropylene/polyethylene synthetic macrofiber, 40 mm in length, with an aspect ratio of 
90. Typical fiber dosage rates for this type of fiber in concrete slabs are 3 to 8 lb/yd3.  
The fresh properties of each concrete mix can be found in Table 22. The fresh 
properties reported were measured just prior to casting in the forms. The slump, air content, 
and fresh unit weight were measured following ASTM C143, C231, and C138, respectively. 
Despite having the same air-entrainer dosage, the 45% FRAP mix had a somewhat high air 
content relative to the other mixes, perhaps either due to the FRAP in the concrete, as has 
been noted by other researchers, or most likely due to the superplasticizer added to the 
concrete onsite and further mixing.  
 
Table 22: Fresh properties of each concrete mix. 
Truck No. Description Slump (in.) 
Air Content 
(%) 
Unit Weight 
(lb/yd3) 
1 45% FRAP 7 8.5% 138.0 
1 45% FRAP with fibers 5 12% 133.8 
2 100% RCA 5 5.5% 139.4 
3 45-55% FRAP-RCA 5.5 6.0% 140.4 
4 Virgin 4.5 5.6% 147.2 
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With the two-lift construction, the goal was to construct the top lift over a bottom lift 
within the time frame of 60 to 90 minutes. The arrival of the trucks was arranged such that it 
would be possible for the two-lift slabs to be constructed from Truck 1, with the required top 
lift concrete from Truck 4 arriving within that time span. Because the construction with Truck 
1 was delayed (due to the superplasticizer addition requirement), the time span was further 
reduced. The longest delay between the bottom lift and the top lift addition was about 70 
minutes for this project. The concrete slabs were constructed in the order shown in Table 
23.  
The mix with the 45% FRAP mix arrived first, so those slabs were constructed first. 
As the last slab with 45% FRAP with fibers was constructed, the 100% RCA truck arrived; so 
those slabs were completed next. Third was the truck with the 45-55% FRAP-RCA mix. The 
final truck to arrive was the virgin concrete mix, and the top lifts were placed first in order to 
meet the time frame of 60 to 90 minutes. Thus, the top lifts were first placed over the slabs 
with the 45% FRAP in the bottom lift. The final slabs to be constructed were the full-depth 
virgin concrete. It should be noted that the truck ran out of concrete while the final full-depth 
virgin slab was being constructed, so the remnants of what was struck off from the top lift of 
the two-lift slabs was collected to complete the final slab (as a result, this slab was the first 
to be tested and was treated as a trial specimen).  
 
Table 23: Concrete slab casting order, content, and description. 
Slab 
Casting 
Order 
Type Description Bottom Lift Truck 
Top Lift 
Truck 
1 Full-Depth 45% FRAP Truck 1 – 
2 Full-Depth 45% FRAP Truck 1 – 
3 Two-Lift Virgin over 45% FRAP Truck 1 Truck 4 
4 Two-Lift Virgin over 45% FRAP Truck 1 Truck 4 
5 Two-Lift Virgin over 45% FRAP with fibers 
Truck 1 
(with fibers) Truck 4 
6 Two-Lift Virgin over 45% FRAP with fibers 
Truck 1 
(with fibers) Truck 4 
7 Full-Depth 100% RCA Truck 2 – 
8 Full-Depth 100% RCA Truck 2 – 
9 Two-Lift Virgin over 100% RCA Truck 2 Truck 4 
10 Two-Lift Virgin over 100% RCA Truck 2 Truck 4 
11 Full-Depth 45-55% FRAP-RCA Truck 3 – 
12 Full-Depth 45-55% FRAP-RCA Truck 3 – 
13 Two-Lift Virgin over 45-55% FRAP-RCA Truck 3 Truck 4 
14 Two-Lift Virgin over 45-55% FRAP-RCA Truck 3 Truck 4 
15 Full-Depth Virgin Truck 4 – 
16* Full-Depth Virgin Truck 4 – 
*Slab may have variable properties. 
 
The two-lift construction process followed was that the bottom lift would be placed, 
consolidated, and finished with a hand trowel (Figure 8). The top lift was then cast onto the 
existing bottom lift from the ready-mix truck chute (Figure 9). Special attention was given so 
as to not disturb or displace the bottom lift. Vibratory consolidation was used for the top lift, 
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but only into the top 2 in.; special attention was given to avoid consolidating both layers 
together. The top lift was finished by screeding the surface (Figure 9) and then hand 
troweling as needed. For the full-depth slabs, the form was filled with concrete in one pour, 
consolidated, screeded, and then finished. Once the concrete had set, each slab was 
covered with wet burlap and plastic to provide additional moisture and prevent moisture 
loss. The burlap was rewetted after 24 hours and then re-covered with plastic. The slabs 
were demolded after 7 days and then stored outside until testing.  
Standard laboratory specimens were created for each of the four mixes and also for 
the mix with added fibers. The following specimens were created for each mixture: twenty-
four 4 x 8-in. cylinders, five 6 x 12-in. cylinders, three 6 x 6 x 21-in. beams, and three 80 x 
150 x 700-mm beams (see Figure 10). After 24 hours, the specimens were demolded and 
stored in lime-saturated water until testing.  
 
 
(a) 
 
(b) 
Figure 8: In the two-lift construction process, (a) the bottom lift was consolidated and then 
(b) hand-finished to the 4-in. level of the form. 
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(a) 
 
(b) 
 
(c) 
Figure 9: (a) Top lift concrete was cast onto the bottom lift, and (b) redistributed to cover the 
entire lift and consolidated; (c) finally, the top lift was screeded and finished. 
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Figure 10: Making companion specimens for each mix type.  
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CHAPTER 4 LABORATORY SPECIMEN TEST RESULTS 
 
The specimens were tested for compressive strength, split tensile strength, flexural 
strength, modulus of elasticity, and fracture energy. The testing ages, specimen sizes, and 
test specifications are summarized in Table 24. All specimens were tested at approximately 
the same time that the slabs were tested, which was 35 to 40 days after casting. All 
laboratory specimens were cured in lime-saturated water until the testing age.  
 
Table 24: Specimen tests and specifications. 
Test Testing Age (days) Specimen Size Specification 
Compressive Strength 7, 14, 28, 35*, 90 4 x 8-in. cylinders AASHTO T22 (2007) 
Split Tensile Strength 28, 35*, 90 4 x 8-in. cylinders AASHTO T198 (2009) 
Flexural Strength 
(4-Point) 35* 
6 x 6 x 21-in. 
beams AASHTO T97 (2003) 
Modulus of Elasticity 35* 6 x 12-in. cylinders ASTM C469 (2010) 
Fracture Parameters 35* 80 x 150 x 700-mm beams 
Jenq and Shah 
(1985), Hillerborg 
(1985) 
*Specimens were tested when the slabs were tested, which was around 35 days. 
 
4.1 COMPRESSIVE STRENGTH 
The cylinders were removed from the lime-saturated water and tested at the ages 
specified in Table 24. A cylinder was placed between two rubber cap ends and tested to 
measure the peak load. The compressive strength (σc) was then computed as follows, 
where P is the peak load (in lb) and r is the radius of the cylinder (which is 2 in.): 
𝜎𝑐 = 𝑃𝜋𝑟2 (1) 
The compressive strengths are shown in Table 25 and Figure 11. As can be noted, 
the mixes with 45% FRAP and 45% FRAP with fibers both had the lowest compressive 
strengths, which was potentially due to the higher air content (as shown previously in Table 
22). The virgin concrete had the highest compressive strength, as expected. The mix with 
100% RCA mix had the second-highest compressive strength, and the mix with the FRAP-
RCA blend had compressive strengths between the 45% FRAP and 100% RCA mixes.  
The percentage reduction in compressive strength for each mix relative to the virgin 
concrete is shown in Table 26. The addition of 45% FRAP reduced the compressive 
strength by about 45%, while the mix with fibers further reduced the strength to about 60%, 
both of which, again, are larger due to the higher air contents. Using 100% RCA reduced the 
strength by about 25 to 30%, and the blend of 45-55% FRAP-RCA resulted in a reduction of 
about 40%. The maximum reduction in strength for the various recycled concrete mixtures 
relative to the virgin aggregate mixture occurred by the age of 7 days, and this reduction 
remained constant at later ages. 
IDOT requires a minimum compressive strength of 3,500 psi at 14 days for paving 
concrete (IDOT 2012). At 14 days, only two of the mixes passed this requirement: 100% 
RCA and virgin. At the time of slab testing (~35 days), all mixes had surpassed 3,500 psi 
except for the 45% FRAP with fibers mix.  
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Table 25: Compressive strength versus age results for all concrete mixtures. 
Truck 
Number Mix 
Age 
(days) 
Compressive Strength (psi) Coefficient 
of Variation 
(COV) 1 2 3 Average 
1 45% FRAP 
7 2,378 2,353 2,362 2,364 0.5% 
14 2,847 2,867 2,929 2,881 1.5% 
28 3,547 3,291 3,333 3,390 4.1% 
38 3,703 3,450 3,350 3,501 5.2% 
90 4,110 3,807 3,893 3,937 4.0% 
1 
45% 
FRAP + 
fibers 
7 1,600 1,485 1,667 1,584 5.8% 
14 2,168 1,835 2,135 2,046 9.0% 
28 2,389 2,516 2,187 2,364 7.0% 
37 2,415 2,425 2,632 2,491 4.9% 
90 3,048 2,850 3,204 3,034 5.8% 
2 100% RCA 
7 2,984 3,012 2,970 2,988 0.7% 
14 3,780 3,925 3,863 3,856 1.9% 
28 4,164 4,225 4,354 4,248 2.3% 
35 4,394 4,754 4,795 4,648 4.7% 
90 5,373 5,789 5,294 5,485 4.9% 
3 
45-55% 
FRAP-
RCA 
7 2,568 2,471 2,349 2,463 4.4% 
14 3,179 3,083 3,067 3,110 1.9% 
28 3,737 3,646 3,512 3,632 3.1% 
38 3,637 3,645 3,856 3,713 3.3% 
90 4,291 4,183 3,920 4,131 4.6% 
4 Virgin Concrete 
7 4,134 4,298 4,162 4,198 2.1% 
14 5,289 5,484 5,147 5,307 3.2% 
28 5,956 5,980 6,365 6,101 3.8% 
35 6,055 6,446 6,240 6,247 3.1% 
90 7,058 6,805 7,662 7,175 6.1% 
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Figure 11: Compressive strength versus age for all concrete mixtures.  
 
Table 26: Percent reduction in compressive strength relative to virgin concrete. 
Truck 
Number Mix 
Age 
(days) 
Average 
Compressive 
Strength (psi) 
Percent 
Difference from 
Virgin Concrete 
1 45% FRAP 
7 2,364 –43.7% 
14 2,881 –45.7% 
28 3,390 –44.4% 
38 3,501 –44.0% 
90 3,937 –45.1% 
1 45% FRAP with fibers 
7 1,584 –62.3% 
14 2,046 –61.4% 
28 2,364 –61.2% 
37 2,491 –60.1% 
90 3,034 –57.7% 
2 100% RCA 
7 2,988 –28.8% 
14 3,856 –27.3% 
28 4,248 –30.4% 
35 4,648 –25.6% 
90 5,485 –23.5% 
3 
45-55% 
FRAP-
RCA 
7 2,463 –41.3% 
14 3,110 –41.4% 
28 3,632 –40.5% 
38 3,713 –40.6% 
90 4,131 –42.4% 
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4.2 SPLIT TENSILE STRENGTH 
The split tensile strength was measured at 28 days, when the slabs were tested (~35 
days), and at 90 days. The split tensile strength (σsp) was calculated from the peak load (P) 
as follows, where D is the cylinder diameter (4 in.) and L is the cylinder length (8 in.): 
𝜎𝑠𝑝 = 2𝑃𝜋𝐿𝐷 (2) 
The split tensile strength results are shown in Table 27. As with the compressive 
strength results, the recycled aggregate concretes had lower strengths than the virgin 
aggregate concrete. For all concrete specimens, the strength was reduced from 28 to ~35 
days. One potential reason for this reduction is that the specimens at ~35 days were tested 
on a new testing apparatus. There was only a slight increase in split tensile strength from 28 
to 90 days. Considering the reduction in tensile strength relative to the virgin concrete (Table 
28), it can be seen that the 45% FRAP mix reduces the strength by about 30%, while the 
mix with fibers has a reduction upwards of 40 to 50%. The 100% RCA mix has a strength 
reduction of about 25%, and the 45:55% FRAP–RCA mix reduced the strength by about 25 
to 30%. At later ages (90 days), it can be seen that the reduction in split tensile strength was 
similar for all mixes except for the mix with fibers.  
 
Table 27: Split tensile strength versus age results for all concrete mixtures. 
Truck 
Number Mix 
Age 
(days) 
Split Tensile Strength (psi) Coefficient of 
Variation (COV) 1 2 3 Average 
1 45% FRAP 
28 378 407 468 417 11.0% 
38 347 405 357 370 8.4% 
90 508 436 559 501 12.3% 
1 45% FRAP with fibers 
28 352 355 356 355 0.6% 
37 304 392 249 315 22.8% 
90 333 338 413 362 12.4% 
2 100% RCA 
28 521 462 546 510 8.5% 
35 367 377 405 383 5.1% 
90 526 505 543 525 3.6% 
3 45-55%       FRAP-RCA 
28 442 434 448 441 1.6% 
38 397 412 412 407 2.1% 
90 505 501 484 497 2.2% 
4 Virgin 
28 633 609 500 581 12.3% 
35 568 532 485 528 7.9% 
90 719 674 697 697 3.3% 
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Table 28: Percentage reduction in split tensile strength relative to virgin concrete. 
Truck 
Number Mix 
Age 
(days) 
Average Split 
Tensile 
Strength (psi) 
Percent 
Difference from 
Virgin Concrete 
1 45% FRAP 
28 417 –28.1% 
38 370 –30.0% 
90 501 –28.1% 
1 45% FRAP with fibers 
28 355 –38.9% 
37 315 –40.4% 
90 362 –48.1% 
2 100% RCA 
28 510 –12.2% 
35 383 –27.5% 
90 525 –24.7% 
3 45-55       FRAP-RCA 
28 441 –24.0% 
38 407 –23.0% 
90 497 –28.7% 
 
4.3 FLEXURAL STRENGTH 
The flexural strength was measured with a beam under four-point (third-point) 
loading. The beams were tested at the approximate age of the slab testing (~35 days). The 
flexural strength (or modulus of rupture, MOR) was computed from the peak load (P), the 
span length (L, 18 in.) the height of the specimen (h, ~6 in.), and the thickness of the 
specimen (b, ~6 in.): 
𝑀𝑂𝑅 = 𝑃𝐿
𝑏ℎ2
 (3) 
After each beam was ruptured, the thickness and height of the beam were measured. The 
flexural strengths for each mix are shown in Table 29. The third beam for a few of the 
mixtures broke before usable data could be recorded.  
The IDOT specification for flexural strength is 650 psi by center-point loading (IDOT 
2012). Assuming that center-point loading yields flexural strengths that are 15% greater than 
third-point loading (Ozyildirim and Carino 2006), the only mix that did not pass the IDOT 
strength requirement was the 45% FRAP with fibers mix. It should be noted that IDOT 
specifies this strength requirement at an age of 14 days, while these specimens were tested 
around 35 days. Similar to the split tensile strength reductions, the flexural strength 
reductions (relative to the virgin concrete) were similar for all mixes except for the mix with 
fibers. The strength reductions were: 26% for the 45% FRAP mix, 43% for the 45% FRAP 
with fibers mix, 27% for the 100% RCA mix, and 25% for the 45-55% FRAP-RCA mix.  
Images of the fracture surfaces are shown in Figure 12. As can be seen, the failure 
crack mainly propagated through the virgin coarse aggregates and RCA. For the FRAP 
particles, rather, the crack appeared to propagate around the particle or through the asphalt 
film. For the mix with fibers, the majority of fibers can be seen to have pulled out rather than 
ruptured.  
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Table 29: Flexural strength versus age results for all concrete mixtures. 
Truck 
Number Mix 
Age 
(days) 
Span 
Length, 
L (in.) 
Thickness, 
b (in.) 
Height, 
h (in.) 
Peak 
Load, P 
(lb) 
MOR 
(psi) 
Average 
MOR 
(psi) 
COV 
1 45% FRAP 
38 18 6.13 6.13 7,085.0 555.0 
584 2.9% 38 18 6.13 6.13 7,818.0 612.4 
38 18 – – N/A N/A 
1 
45% 
FRAP 
with 
fibers 
37 18 6.38 6.13 6,169.0 464.3 
451 7.0% 37 18 6.25 6.06 5,992.0 469.5 
37 18 6.38 6.19 5,686.0 419.3 
2 100% RCA 
35 18 6.25 6.13 7,554.0 579.9 
574 6.1% 35 18 6.13 6.06 7,096.0 567.4 
35 18 – – N/A N/A 
3 
45-55% 
FRAP-
RCA 
38 18 6.00 6.19 8,029.0 629.1 
593 1.5% 38 18 6.13 6.13 7,815.0 612.2 
38 18 6.25 6.13 7,021.0 539.0 
4 Virgin 
35 18 6.25 6.13 10,457.0 802.8 
786 8.1% 35 18 6.19 6.13 9,930.0 770.0 
35 18 – – N/A N/A 
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45% FRAP 
 
45% FRAP with fibers 
 
100% RCA 
 
45% FRAP and 55% RCA 
 
Virgin Concrete 
Figure 12: Fracture surfaces of the flexural strength specimens. 
 
4.4 MODULUS OF ELASTICITY 
The modulus of elasticity was measured using 6 x 12-in. cylinders. The cylinder was 
placed between two rubber end caps, and a compressionmeter was then attached (see 
Figure 13). A longitudinal strain gage was used to compute the modulus of elasticity. From 
the longitudinal strain gage data, the modulus of elasticity (E) was computed as follows, 
where S2 is the stress at approximately 40% of the compressive strength, S1 is the stress at 
longitudinal strain ε1, and ε2 is the longitudinal strain at stress S2. By ASTM C469 (2010), ε1 
is selected as 0.000050. 
𝐸 = 𝑆2 − 𝑆1
𝜀2 − 𝜀1
= 𝑆2 − 𝑆1
𝜀2 − 0.000050 (4) 
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Figure 13: Test setup for the modulus of elasticity measurement.  
 
Each cylinder was initially tested twice to confirm that usable data was being 
recorded. Afterwards, the cylinder was tested three times and then averaged. The modulus 
of elasticity results are shown in Table 30. As can be seen, the recycled concrete mixes had 
a lower modulus than the virgin concrete. The mix with FRAP and fibers had the lowest 
modulus due to the FRAP aggregate and high air content. The modulus reductions relative 
to the virgin mix were 25% for the 45% FRAP mix, 41% for the 45% FRAP with fibers mix, 
19% for the 100% RCA mix, and 39% for the 45-55% FRAP-RCA mix. 
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Table 30. Modulus of elasticity results for all concrete mixtures. 
Mix Specimen Number 
Age 
(days) Modulus of Elasticity (psi) 
Average 
per Cylinder 
Average 
Modulus (psi) 
45% 
FRAP 
1 35 4.32E6 4.31E6 4.32E6 4.32E6 
4.22E+06 2 35 4.13E6 4.14E6 4.13E6 4.13E6 
3 35 4.14E6 4.24E6 4.23E6 4.21E6 
45% 
FRAP 
with 
fibers 
1 35 3.65E6 3.68E6 3.64E6 3.66E6 
3.31E+06 2 35 3.18E6 3.20E6 3.18E6 3.19E6 
3 35 3.10E6 3.06E6 3.10E6 3.09E6 
100% 
RCA 
1 35 4.48E6 4.48E6 4.47E6 4.48E6 
4.51E+06 2 35 4.41E6 4.41E6 4.40E6 4.40E6 
3 35 4.66E6 4.64E6 4.68E6 4.66E6 
45-55% 
FRAP-
RCA 
1 35 3.52E6 3.51E6 3.50E6 3.51E6 
3.43E+06 2 35 3.51E6 3.51E6 3.48E6 3.50E6 
3 35 3.31E6 3.26E6 3.27E6 3.28E6 
Virgin 
1 35 5.57E6 5.54E6 5.51E6 5.54E6 
5.60E+06 2 35 5.60E6 5.48E6 5.48E6 5.52E6 
3 35 5.74E6 5.73E6 5.75E6 5.74E6 
 
4.5 FRACTURE ENERGY 
The fracture parameters and fracture energy were measured by two methods: single-
edge notched beam (SENB) and disk-shaped compact tension (DCT). All fracture 
specimens were tested at an age of 39 days.  
 
4.5.1 Single-Edge Notched Beam (SENB) 
The fracture parameters were determined based on the two-parameter fracture 
model by Jenq and Shah (1985). The total fracture energy was evaluated based on the 
method from Hillerborg (1985). The beam specimens measured 80 x 150 x 700 mm and 
were tested at a span length of 600 mm with a 50-mm notch cut into the middle of the beam. 
The specimen was simply supported and loaded by center-point over the notch. Loading 
was conducted at a constant crack mouth opening displacement (CMOD). Initially, the beam 
was loaded monotonically until the peak load, then unloaded at about 95% peak load (to 
obtain compliance data) and the beam was finally reloaded until specimen failure.  
To measure the CMOD, two knife edges were epoxied on opposite sides of the 
beam notch. A clip gage was then attached to the knife edges (see Figure 14a). Because 
the crack mouth extends greater than the capacity of the clip gage with fiber-reinforced 
concrete, a yo-yo gage was used also (see Figure 14b).  
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(a) 
 
(b) 
Figure 14: (a) For the mixes without fibers, a clip gage was used to measure CMOD across 
the notch. (b) For the fiber-reinforced FRAP mix, both a clip gage and a yo-yo gage were 
used. 
 
From the load-CMOD curve, the initial loading (Ci) and unloading (Cu) compliances 
can be computed, which are the inverse of the load-CMOD slope. The initial loading 
compliance was computed from the slope of the line from 20 to 50% of the peak load. 
Similarly, the unloading compliance was computed from the slope of the line from 10 to 80% 
of the peak load. To compute the fracture properties, the initial stiffness (Ei) is computed as 
follows, where S is the span length (600 mm), g2(α) is a function of the notch depth (a0), the 
knife-edge thickness (H, 6 mm), and the beam depth (b, 150 mm), Ci is the initial 
compliance, and t is the beam thickness (80 mm):  
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𝐸𝑖 = 6𝑆𝑎0[𝑔2(𝛼0)]𝐶𝑖𝑏2𝑡  (5) 
𝑔2(𝛼0) = 0.76 − 2.28𝛼0 + 3.87𝛼02 − 2.04𝛼03 + 0.66(1 − 𝛼0)2 (6) 
𝛼0 = 𝑎0 + 𝐻𝑏 + 𝐻  (7) 
The unloading stiffness (Eu) is similarly computed, where ac is the unknown critical crack 
length and Cu is the unloading compliance: 
𝐸𝑢 = 6𝑆𝑎𝑐[𝑔2(𝛼𝑐)]𝐶𝑢𝑏2𝑡  (8) 
𝑔2(𝛼𝑐) = 0.76 − 2.28𝛼𝑐 + 3.87𝛼𝑐2 − 2.04𝛼𝑐3 + 0.66(1 − 𝛼𝑐)2 (9) 
𝛼𝑐 = 𝑎𝑐 + 𝐻𝑏 + 𝐻  (10) 
Because the critical crack length is the only unknown, the stiffness functions are set to be 
equal (Ei = Eu) to determine the critical crack length at the peak load, ac. Once ac is known, 
the critical stress intensity factor (KIc) can be computed as follows, where Pmax is the peak 
load, W0 is the weight of the beam, L is the beam length (700 mm), and g1(ac/b) is a function 
of ac and b: 
𝐾𝐼𝑐 = 3 �𝑃𝑚𝑎𝑥 + 0.5𝑊0𝑆𝐿 � �𝑆(𝜋𝑎𝑐)1/2𝑔1(𝑎𝑐/𝑏)2𝑏2𝑡 � (11) 
𝑔1 �
𝑎𝑐
𝑏
� = 1.99 − (𝑎𝑐/𝑏)(1 − 𝑎𝑐/𝑏)(2.15 − 3.93(𝑎𝑐/𝑏) + 2.7(𝑎𝑐/𝑏)2)
√𝜋(1 + 2(𝑎𝑐/𝑏))(1 − (𝑎𝑐/𝑏))3/2  (12) 
The critical crack tip opening displacement (CTODc) at the critical crack length can also be 
computed, where β=a0/ac:  
𝐶𝑇𝑂𝐷𝑐 = 6𝑆𝑎𝑐𝑔1(𝑎𝑐/𝑏)
𝐸𝑏2𝑡
�𝑃𝑚𝑎𝑥 + 0.5𝑊0𝑆𝐿 � [(1 − 𝛽)2 + (1.081 − 1.149(𝑎𝑐/𝑏))(𝛽 − 𝛽2)]1/2 (13) 
The initial fracture energy (GIc) can then be determined as a function of KIc and E: 
𝐺𝐼𝑐 = (𝐾𝐼𝑐)2𝐸  (14) 
The total fracture energy (GF) is computed based on the area (A) under the load-CMOD 
curve, ligament area, and δf, which is the displacement (CMOD) at failure with zero load: 
𝐺𝐹 = 𝐴 + 𝑊0𝑆𝐿 𝛿𝑓(𝑏 − 𝑎0)𝑡  (15) 
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The measured fracture parameters for the five concrete mixtures can be found in 
Table 31, including the average and coefficient of variation (COV). The ranking of the peak 
load of each mixture was similar to the strength results in that the virgin mix had the highest 
peak load, followed by the RCA mix, the FRAP-RCA blend mix, and then the FRAP and 
FRAP with fibers mixes. The critical stress intensity factor is reduced for all recycled 
aggregate mixes relative to the virgin mix. The critical crack tip opening displacement results 
for all mixtures were in the same range. The initial fracture energy, a measurement of the 
energy dissipated per unit of newly created fracture surface area, is decreased for all 
recycled aggregate mixes relative to the virgin mix. The total fracture energy is slightly 
higher for all mixes relative to the virgin. As expected, the total fracture energy is 
significantly increased with the presence of fibers. One of the total fracture energy values is 
not included in the average for the RCA mix because it was significantly less than the other 
values.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
38 
 
Table 31. Concrete fracture properties from single-edge notched beams. 
Peak Load Pmax (kN) 
Mix 1 2 3 Average COV 
45% FRAP 2.98 2.95 2.56 2.83 8.3% 
45% FRAP with fibers 2.46 2.25 2.46 2.39 5.0% 
100% RCA 3.41 2.70 3.42 3.18 13% 
45-55 FRAP-RCA 3.34 3.28 2.83 3.15 8.9% 
Virgin 3.56 3.92 3.23 3.57 9.8% 
Critical Stress Intensity Factor KIc (MPa-m1/2) 
Mix 1 2 3 Average COV 
45% FRAP 0.866 0.829 1.000 0.898 10% 
45% FRAP with fibers 0.697 0.767 0.818 0.760 8.0% 
100% RCA 1.078 0.883 0.897 0.953 11% 
45-55 FRAP-RCA 0.951 1.031 0.777 0.920 14% 
Virgin 1.265 1.229 0.946 1.146 15% 
Critical Crack Tip Opening Displacement CTODc (mm) 
Mix 1 2 3 Average COV 
45% FRAP 0.0182 0.0137 0.0294 0.0205 40% 
45% FRAP with fibers 0.0178 0.0203 0.0232 0.0205 13% 
100% RCA 0.0211 0.0137 0.0133 0.0160 27% 
45-55 FRAP-RCA 0.0177 0.0194 0.0158 0.0177 10% 
Virgin 0.0219 0.0216 0.0139 0.0191 24% 
Initial Fracture Energy GIc (N/m) 
Mix 1 2 3 Average COV 
45% FRAP 34.50 28.76 46.64 36.63 25% 
45% FRAP with fibers 26.93 29.30 32.98 29.74 10% 
100% RCA 43.66 28.34 33.06 35.02 22% 
45-55 FRAP-RCA 40.05 44.79 30.57 38.47 19% 
Virgin 49.52 50.36 32.93 44.27 22% 
Total Fracture Energy GF (N/m) 
Mix 1 2 3 Average COV 
45% FRAP 72.90 72.53 81.63 75.68 6.8% 
45% FRAP with fibers 2879 2464 4236 3193 29% 
100% RCA 84.55 52.72* 84.44 84.49 0.1% 
45-55 FRAP-RCA 84.47 95.94 72.54 84.32 14% 
Virgin 79.49 73.36 68.68 73.84 7.3% 
*Not included in average 
 
A t-test1 was performed on the fracture parameters to determine the statistical 
significance of the results, as the recycled aggregate values were very similar to the virgin 
                                               
1 A t-test is a statistical significance hypothesis test that follows a t-distribution. It is used to determine 
if two datasets are significantly different, based on the means, standard deviations, and sample sizes.   
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mix. Statistical significance was based on a p-value of 0.05. The results can be found in 
Table 32. The mix with the most statistical significance is the 45% FRAP with fibers mix, 
which is statistically different relative to the virgin mix for the peak load, critical stress 
intensity factor, and total facture energy. Otherwise, the only other statistically significant 
value is the peak load for the 45% FRAP mix.  
 
Table 32. Statistical significance of the fracture properties from SENB. 
Peak Load [kN] 
Mix Average St. Dev. 
Degrees of 
Freedom Sp
2 t value p value Statistically Significant? 
Virgin 3.57 0.348 – – – – – 
45% FRAP 2.83 0.235 4 0.0881 3.06 0.03750 Yes 
45% FRAP w/ fibers 2.39 0.118 4 0.0676 5.56 0.00513 Yes 
100% RCA 3.18 0.414 4 0.1460 1.26 0.27600 No 
45-55 FRAP-RCA 3.15 0.280 4 0.1000 1.62 0.18000 No 
Stress Intensity Factor [MPa*m1/2] 
Mix Average St. Dev. 
Degrees of 
Freedom Sp
2 t value p value Statistically Significant? 
Virgin 1.146 0.175 – – – – – 
45% FRAP  0.898 0.090 4 0.0193 2.18 0.094 No 
45% FRAP w/ fibers 0.760 0.061 4 0.0171 3.62 0.0224 Yes 
100% RCA 0.953 0.109 4 0.0212 1.63 0.178 No 
45-55 FRAP-RCA 0.920 0.130 4 0.0237 1.80 0.146 No 
Critical Crack Tip Opening Displacement [mm] 
Mix Average St. Dev. 
Degrees of 
Freedom Sp
2 t value p value Statistically Significant? 
Virgin 0.0191 0.0046 – – – – – 
45% FRAP 0.0205 0.0081 4 4.3E-5 0.249 0.815 No 
45% FRAP w/fibers 0.0205 0.0027 4 1.4E-5 0.438 0.684 No 
100% RCA 0.0160 0.0044 4 2.0E-5 0.849 0.444 No 
45-55 FRAP-RCA 0.0177 0.0018 4 1.2E-5 0.511 0.637 No 
Initial Fracture Energy [N/m] 
Mix Average St. Dev. 
Degrees of 
Freedom Sp
2 t value p value Statistically Significant? 
Virgin 44.3 9.83 – – – – – 
45% FRAP 36.6 9.13 4 90.0 0.986 0.380 No 
45% FRAP w/fibers 29.7 3.05 4 53.0 2.45 0.0708 No 
100% RCA 35.0 7.85 4 79.1 1.27 0.272 No 
45-55 FRAP-RCA 38.5 7.24 4 74.5 0.823 0.457 No 
Total Fracture Energy [N/m] 
Mix Average St. Dev. 
Degrees of 
Freedom Sp
2 t value p value 
Statistically 
Significant? 
Virgin 73.8 5.42 – – – – – 
45% FRAP 75.7 5.15 4 28.0 0.427 0.692 No 
45% FRAP w/ fibers 3193 927 4 429,565 5.83 0.004 Yes 
100% RCA 84.5 0.0791 3 19.6 2.63 0.078 No 
45-55 FRAP-RCA 84.3 11.7 4 83.2 1.41 0.232 No 
 
Images of the fracture surfaces of all of the SENB specimens can be found in Figure 
15 and Figure 16. As can be seen, the mixes with FRAP have a more tortuous failure path, 
while the virgin concrete and 100% RCA mixes have a more planar path to the surface. The 
fracture surface was mapped at 5-cm intervals along the length of each specimen (Figure 
17). The angle of the crack was then measured from the crack initiation at the notch to the 
crack termination at the surface of the beam (Table 33), which revealed that the virgin mix 
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had the most vertical crack, while the recycled aggregate mixes had values that deviated 
more from vertical path  
 
 
45% FRAP (Specimen 1) 
 
45% FRAP (Specimen 2) 
 
45% FRAP (Specimen 3) 
 
45% FRAP with fibers (Specimen 1) 
 
45% FRAP with fibers (Specimen 2) 
 
45% FRAP with fibers (Specimen 3) 
Figure 15: SENB fracture surfaces for the FRAP and FRAP with fibers mixes. 
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100% RCA (Specimen 1) 
 
100% RCA (Specimen 2) 
 
100% RCA (Specimen 3) 
 
45-55 FRAP-RCA (Specimen 1) 
 
45-55 FRAP-RCA (Specimen 2) 
 
45-55 FRAP-RCA (Specimen 3) 
 
Virgin Concrete (Specimen 1) 
 
Virgin Concrete (Specimen 2) 
 
Virgin Concrete (Specimen 3) 
Figure 16: SENB fracture surfaces for the RCA, FRAP–RCA, and virgin concrete mixes. 
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Figure 17: Side profile of the crack path from the SENB specimens.  
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Table 33: Crack angle from vertical for each SENB specimen. 
Mix 
Angle of Crack (degrees) 
Specimen 1 Specimen 2 Specimen 3 
45% FRAP 4.0 0.6 7.1 
45% FRAP with fibers 2.6 7.1 4.5 
100% RCA 5.7 4.3 1.1 
45-55% FRAP-RCA 2.3 3.0 6.8 
Virgin 1.8 1.1 3.0 
 
4.5.2 Disk-Shaped Compact Tension 
Previous studies have shown that disk-shaped compact tension (DCT) specimens 
can be used to test the fracture properties of concrete (Amirkhanian 2012). Currently, DCT 
is a standardized test method for measuring the fracture energy of asphalt concrete (ASTM 
D7313 2007), but there is no standardized method for testing concrete using DCT. The DCT 
specimens were sawn from typical 6 x 12-in. concrete cylinders according to the geometry 
and dimensions in Figure 18. The specimens were tested following ASTM D7313 (2007). 
Similar to the SENB test, an unloading curve was added to the test at approximately 95% of 
the peak load. The CMOD was measured similarly to the SENB specimens by attaching a 
clip gage to two knife edges on either side of the notch.  
 
 
Figure 18: DCT geometry used in this study, with dimensions in millimeters.  
Source: Amirkhanian (2012) 
 
The DCT data was analyzed in a similar manner to the SENB test. The initial (Ci) and 
unloading (Cu) compliances were computed from the plots of load versus CMOD. The initial 
modulus (Ei) is computed as follows, where VCMOD(α) is a function of α, which is the notch 
depth ratio, and the other dimensions (B, a, W, and h) are defined in Figure 18: 
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𝐸𝑖 = 2𝑉𝐶𝑀𝑂𝐷(𝛼0)𝐵𝐶𝑖  (16) 
𝑉𝐶𝑀𝑂𝐷(𝛼) = 501.8𝛼3 + 2294𝛼2 + 4349𝛼 + 1384𝛼4 + 272.2𝛼3 − 139.8𝛼2 − 569.3𝛼 + 433.9 (17) 
𝛼0 = 𝑎 + ℎ𝑊 + ℎ (18) 
The unloading modulus (Eu) is then computed based on the unloading compliance (Cu), 
where the critical crack length ratio (αc) is an unknown: 
𝐸𝑢 = 2𝑉𝐶𝑀𝑂𝐷(𝛼𝑐)𝐵𝐶𝑢  (19) 
𝛼𝑐 = 𝑎𝑐 + ℎ𝑊 + ℎ (20) 
To determine the critical crack length (ac), the initial (Equation 16) and unloading moduli 
(Equation 19) are set equal. Once ac is known, the critical stress intensity factor (KIc) can be 
computed, where P is the peak load and F(αc) is a geometric factor: 
𝐾𝐼𝑐 = � 𝑃𝑊𝐵√𝑊�𝐹(𝛼𝑐) (21) 
𝐹(𝛼𝑐) = −1.498𝛼3 + 4.569𝛼2 − 1.078𝛼 + 0.113𝛼4 − 2.408𝛼3 + 1.717𝛼2 − 0.3467𝛼 + 0.0348 (22) 
The critical crack tip opening displacement (CTODc) can be computed as follows, where 
VCTOD(αc) is a correction factor and E is the modulus: 
𝐶𝑇𝑂𝐷𝑐 = 2 � 𝑃𝑊𝐵�𝑊𝐸 𝑉𝐶𝑇𝑂𝐷(𝛼𝑐) (23) 
𝑉𝐶𝑇𝑂𝐷(𝛼𝑐) = 6.639𝛼3 − 3.209𝛼2 + 0.4169𝛼 − 0.006899𝛼4 − 2.429𝛼3 + 1.897𝛼2 − 0.5137𝛼 + 0.04504 (24) 
The initial fracture energy (GIc) can then be determined, using the same equation as for 
SENB, as a function of KIc and E: 
𝐺𝐼𝑐 = (𝐾𝐼𝑐)2𝐸  (25) 
The total fracture energy (GF) was computed as a function of the area (Area) under the load-
CMOD curve with the unloading segment removed: 
𝐺𝐹 = 𝐴𝑟𝑒𝑎𝐵(𝑊 − 𝑎) (26) 
The fracture results from the DCT specimens are shown in Table 34, including the 
average and coefficient of variation (COV) for each property. It can be seen that the peak 
load and critical stress intensity factor were reduced for all recycled aggregate concretes 
relative to the virgin concrete. The critical crack tip opening displacement was increased for 
all recycled aggregate concretes (with the exception of the 100% RCA mix) relative to the 
virgin concrete. The initial fracture energy was decreased for all recycled aggregate 
concretes relative to the virgin concrete, although the 45% FRAP mix had a similar value to 
the virgin concrete. As expected, the 45% FRAP mix with fibers had the highest total 
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fracture energy, due to the presence of the fibers, although the value reported is not 
representative of the actual total fracture energy because the clip gage used was not able to 
measure the total extension of the CMOD to zero load. The 45% FRAP mix had a higher 
total fracture energy than the virgin concrete, while the other mixes (100% RCA and 45-55 
FRAP-RCA) had slightly lower mean values relative to the virgin concrete.  
A t-test was performed on the DCT fracture properties to determine if the fracture 
parameters were statistically different relative to the virgin concrete results (Table 35). The 
results are somewhat skewed for the 45-55 FRAP-RCA mix because fewer specimens were 
tested. The peak load for each mixture was mostly statistically significant, as expected from 
the strength results previously presented. The stress intensity factor and initial fracture 
energy are significant for only two of the mixes (45% FRAP with fibers and 100% RCA), 
while the total fracture energy is significant for only the 45% FRAP with fibers mix (as 
expected).  
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Table 34: Concrete fracture properties from the disk-shaped compact tension. 
Peak Load Pmax (kN) 
Mix 1 2 3 Average COV 
45% FRAP 1.89 1.94 1.72 1.85 6.3% 
45% FRAP with fibers 1.41 1.42 1.36 1.40 2.3% 
100% RCA 1.67 2.02 1.52 1.74 14.9% 
45-55 FRAP-RCA – 1.51 2.08 1.79 22.5% 
Virgin 2.27 2.23 2.44 2.31 4.9% 
Critical Stress Intensity Factor KIc (MPa-m1/2) 
Mix 1 2 3 Average COV 
45% FRAP 0.756 0.965 0.761 0.827 14.4% 
45% FRAP with fibers 0.609 0.604 0.572 0.595 3.4% 
100% RCA 0.748 0.806 0.814 0.790 4.6% 
45-55 FRAP-RCA – 0.619 0.821 0.720 19.8% 
Virgin 0.957 0.935 1.005 0.965 3.7% 
Critical Crack Tip Opening Displacement CTODc (mm) 
Mix 1 2 3 Average COV 
45% FRAP 0.0137 0.0236 0.0154 0.0176 30.1% 
45% FRAP with fibers 0.0162 0.0152 0.0150 0.0155 4.2% 
100% RCA 0.0159 0.0133 0.0173 0.0155 13.2% 
45-55 FRAP-RCA – 0.128 0.0149 0.0138 10.7% 
Virgin 0.0141 0.0139 0.0155 0.0144 6.0% 
Initial Fracture Energy GIc (N/m) 
Mix 1 2 3 Average COV 
45% FRAP 26.0 40.2 24.5 30.2 28.7% 
45% FRAP with fibers 21.2 20.7 19.7 20.5 3.7% 
100% RCA 24.3 27.0 22.7 24.7 8.8% 
45-55 FRAP-RCA – 18.8 31.3 25.1 35.3% 
Virgin 30.6 29.7 36.9 32.3 12.1% 
Total Fracture Energy GF (N/m) 
Mix 1 2 3 Average COV 
45% FRAP 108.9 118.3 121.3 116.2 5.6% 
45% FRAP with fibers 405.3 384.0 689.3 492.9* 34.6% 
100% RCA 92.6 96.8 104.5 98.0 6.2% 
45-55 FRAP-RCA – 112.3 104.8 108.6 4.9% 
Virgin 99.16 129.9 106.1 111.7 14.4% 
*Energy measured to a CMOD value of only 6 mm (extent of the clip gauge) 
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Table 35: Statistical significance of the fracture properties with DCT specimen. 
Peak Load 
Mix Average St. Dev. 
Degrees of 
Freedom t value p value 
Statistically 
Significant? 
Virgin 2.31 0.11  – – – – 
45% FRAP 1.85 0.12  4 4.96 0.0077 Yes 
45% FRAP w/ fibers 1.40 0.03  4 13.55 0.0002 Yes 
100% RCA 1.74 0.26  4 3.54 0.0240 Yes 
45-55 FRAP-RCA 1.79 0.40  3 2.28 0.1070 No 
Stress Intensity Factor 
Mix Average St. Dev. 
Degrees of 
Freedom t value p value 
Statistically 
Significant? 
Virgin 0.965 0.035 – – – – 
45% FRAP  0.827 0.119 4 1.92 0.1270 No 
45% FRAP w/ fibers 0.595 0.020 4 15.81 0.0001 Yes 
100% RCA 0.790 0.036 4 6.00 0.0039 Yes 
45-55 FRAP-RCA 0.720 0.143 3 3.08 0.0543 No 
Critical Crack Tip Opening Displacement 
Mix Average St. Dev. 
Degrees of 
Freedom t value p value 
Statistically 
Significant? 
Virgin 0.0144 0.0009 – – – – 
45% FRAP 0.0176 0.0053 4 –1.04 0.3571 No 
45% FRAP w/ fibers 0.0155 0.0006 4 –1.71 0.1633 No 
100% RCA 0.0155 0.0021 4 –0.81 0.4654 No 
45-55 FRAP-RCA 0.0138 0.0014 3 0.61 0.5868 No 
Initial Fracture Energy 
Mix Average St. Dev. 
Degrees of 
Freedom t value p value 
Statistically 
Significant? 
Virgin 32.3 3.9 – – – – 
45% FRAP 30.2 8.7 4 0.38 0.7213 No 
45% FRAP w/ fibers 20.5 0.8 4 5.14 0.0068 Yes 
100% RCA 24.7 2.2 4 2.97 0.0410 Yes 
45-55 FRAP-RCA 25.1 8.8 3 1.33 0.2767 No 
Total Fracture Energy 
Mix Average St. Dev. 
Degrees of 
Freedom t value p value 
Statistically 
Significant? 
Virgin 111.7 16.1 – – – – 
45% FRAP 116.2 6.5 4 –0.44 0.6811 No 
45% FRAP with 
fibers 492.9 170.4 4 –3.86 0.0182 Yes 
100% RCA 98.0 6.0 4 1.39 0.2379 No 
45-55 FRAP-RCA 108.6 5.3 3 0.26 0.8129 No 
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4.5.3 Comparison of the SENB and DCT Fracture Properties 
A t-test was performed comparing the fracture property results from SENB and DCT 
(Table 36) to determine if the results were statistically different. A p-value of 0.05 was 
chosen as the level of significance. Only two DCT results were available for the 45-55% 
FRAP-RCA mix. The stress intensity factor, critical crack tip opening displacement, and 
initial fracture energy were identical between the SENB and DCT tests with exception of the 
45% FRAP with fibers mix. The much higher air content was thought to be the primary 
reason for the deviation in the test data. The mean total fracture energy value for each 
mixture was greater with the DCT specimens versus the SENB, although the mean values 
were statistically different for only the virgin and 45% FRAP mixes. 
 
Table 36: Statistical significance testing comparing SENB to DCT concrete fracture 
properties. 
Stress Intensity Factor 
Mix 
SENB DCT Degrees 
of 
Freedom 
t-test p-value Statistically Different? Avg. St. Dev. Avg. St. Dev. 
Virgin 1.146 0.175 0.965 0.035 4 –1.76 0.1528 No 
45% FRAP 0.898 0.09 0.827 0.119 4 –0.82 0.4566 No 
45% FRAP 
with fibers 0.76 0.061 0.595 0.02 4 –4.48 0.0109 Yes 
100% RCA 0.953 0.109 0.79 0.036 4 –2.46 0.0696 No 
45-55% 
FRAP-RCA 0.92 0.13 0.72 0.143 3 –1.63 0.202 No 
Critical Crack Tip Opening Displacement 
Mix 
SENB DCT Degrees 
of 
Freedom 
t-test p-value Statistically Different? Avg. St. Dev. Avg. St. Dev. 
Virgin 0.0191 0.0046 0.0144 0.0009 4 –1.78 0.1505 No 
45% FRAP 0.0205 0.0081 0.0176 0.0053 4 –0.51 0.6376 No 
45% FRAP 
with fibers 0.0205 0.0027 0.0155 0.0006 4 –3.1 0.0363 Yes 
100% RCA 0.016 0.0044 0.0155 0.0021 4 –0.2 0.8503 No 
45-55% 
FRAP-RCA 0.0177 0.0018 0.0138 0.0014 3 –2.5 0.088 No 
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Table 36 (continued): Statistical significance testing comparing SENB to DCT concrete 
fracture properties. 
Initial Fracture Energy 
Mix 
SENB DCT Degrees 
of 
Freedom 
t-test p-value Statistically Different? Avg. St. Dev. Avg. St. Dev. 
Virgin 44.3 9.83 32.3 3.9 4 –1.95 0.1229 No 
45% FRAP 36.6 9.13 30.2 8.7 4 –0.88 0.4272 No 
45% FRAP 
with fibers 29.7 3.05 20.5 0.8 4 –5.03 0.0073 Yes 
100% RCA 35 7.85 24.7 2.2 4 –2.2 0.093 No 
45-55% 
FRAP-RCA 38.5 7.24 25.1 8.8 3 –1.89 0.1555 No 
Total Fracture Energy 
Mix 
SENB DCT Degrees 
of 
Freedom 
t-test p-value Statistically Different? Avg. St. Dev. Avg. St. Dev. 
Virgin 73.8 5.42 111.7 16.1 4 3.86 0.0182 Yes 
45% FRAP 75.7 5.15 116.2 6.5 4 8.49 0.0011 Yes 
45% FRAP 
with fibers* – – – – – – – – 
100% RCA 84.5 0.0791 98.0 6.0 3 2.16 0.0966 No 
45-55% 
FRAP-RCA 84.3 11.7 108.6 5.3 3 2.65 0.0771 No 
*Not tested for significance because the DCT test could not test the fiber specimens to zero load 
 
4.5.4 Discussion of the Fracture Results 
Previous studies have shown that the fracture energy of concrete with up to 50% 
FRAP may not be statistically different than the control concrete (Brand et al. 2012). Using 
100% RCA, other studies have generally found reductions in KIc and fracture energy relative 
to virgin concrete (Casuccio et al. 2008; Bordelon et al. 2009; Butler 2012). High variation in 
fracture energy results may suggest that the relative differences are not statistically 
significant (Butler 2012). However, other studies have found an increase in total fracture 
energy with RCA (Kou 2006; Amirkhanian 2012), and there is some evidence to suggest 
that the addition of fly ash may further increase the total fracture energy at later ages (Kou 
2006). Butler (2012) found a correlation between the total fracture energy and the RCA 
aggregate crushing value in that higher strength (higher quality) aggregates resulted in 
higher concrete fracture energies. Therefore the resultant higher fracture energy found in 
this study may be due to perhaps the RCA source and quality and/or the use of 
supplementary cementitious materials.  
In the literature, a few studies have examined the fracture energy of concrete with a 
poor or weakened bond, similar to the case with FRAP and RCA. By coating mullite spheres 
with a release agent to study a weakened bond, Elices and Rocco (2008) found that the 
total fracture energy of the concrete is relatively unaffected between the coated and 
uncoated samples, although the uncoated aggregate concrete was more brittle, as indicated 
by the computed brittleness number. Similarly, Guinea et al. (2002) removed/reduced the 
cement-aggregate bond (by coating crushed aggregates in paraffin wax, bitumen emulsion, 
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or epoxy resin) and found that the total fracture energy of the concrete was relatively 
unaffected, even though the bitumen emulsion and paraffin significantly reduced the 
concrete’s strength properties. Also by coating the aggregates in paraffin wax, Prokopski 
and Halbiniak (2000) found significant reductions in the KIc and CTODc values of the 
concrete relative to the control concrete. Chandler et al. (2002) found that wax-coated sand 
in mortar increased the apparent fracture toughness with increasing crack extension, 
despite the weakened bond, which the authors attributed to grain bridging and grain pinning.  
Based on the previous literature, though not directly studying the same concrete 
materials, it is evident that concrete with poor aggregate bonds can result in similar or 
greater fracture energy to virgin concrete. One likely explanation is that the poor bond forces 
the failure cracks to propagate around the aggregates (through the weak interfacial 
transition zone), thereby increasing the total energy dissipated (work of fracture) through the 
creation of more fracture surface area.  
 
4.6 LABORATORY SUPPLEMENT  
Given that the concrete air content was rather high for the mixes with 45% FRAP 
(seen previously in Table 22), the mixes with and without fibers were mixed in the laboratory 
in the fall 2012 to obtain more representative fracture properties with a lower air content. 
The mix design and proportions were the same as the one used to create the slabs (shown 
previously in Table 19). The same aggregates were used, as well as the same cement, slab, 
and fly ash sources. However, different chemical admixtures and dosages were used, 
specifically the air entrainment was Grace Daravair 1400 and the mid-range water reducer 
was Grace WRDA 82. For the 45% FRAP mix without fibers, the dosages were: 1 fl oz per 
100 lb cementitious for the air entrainment and 4 fl oz per 100 lb cementitious for the water 
reducer. Because a higher slump was needed for the 45% FRAP mix with fibers, more water 
reducer was used but less air entrainment: 0.9 fl oz per 100 lb cementitious for the air 
entrainment and 8 fl oz per 100 lb cementitious for the water reducer.  
For each of the two mixes, two concrete batches were made to cast all of the 
required specimens. Each batch was mixed separately and then blended together manually 
before filling the molds. The fresh properties of each mix can be found in Table 37. The air 
contents of the laboratory mixtures were more consistent with the other slab mixes; but the 
workability was significantly less, resulting in some poor consolidation in a few specimens. 
For each of the two mixes, the following specimens were cast: four 80 x 150 x 700 mm 
beams for SENB fracture energy testing, three 4 x 8-in. cylinders for compressive strength 
testing, and three 6 x 6 x 21 in. beams for flexural strength testing. All specimens were cast, 
cured in the molds for 24 hours, demolded, and then stored in lime-saturated water until 
testing at 39 days (which was the age of testing for the previous fracture energy SENB and 
DCT specimens).  
 
Table 37: Fresh properties for the lab supplement FRAP mixes. 
Mix 
45% FRAP 45% FRAP with fibers 
Batch 1 Batch 2 Batch 1 Batch 2 
Slump (in.) 1-3/4 2 1-1/4 1-1/4 
Unit Weight 
(lb/ft3) 144.4 144.6 143.6 143.2 
Air Content (%) 5.9% 5.4% 5.2% 5.6% 
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The fracture properties and compressive strength were evaluated in the manner 
discussed above. For the 45% FRAP mixes, the 6 x 6 x 21-inch beams were used to 
determine the flexural strength (using the same method as previously discussed). The 
compressive and flexural strength results are shown in Table 38, and the fracture results are 
in Table 39.  
As can be seen, with normal air contents, the compressive strength was significantly 
greater than the previous result. The compressive strength for both supplement mixes was 
about 10% less than for the virgin aggregate concrete. The flexural strengths were 
significantly greater than the previous field results. The virgin concrete had a field-molded 
flexural strength of 786 psi. Previous results by Brand et al. (2012) had found that mixes 
with 50% FRAP had a flexural strength 577 psi at 28 days. A t-test was performed on the 
supplement fracture properties, which revealed the only statistically different parameters 
were total fracture energy comparing the 45% FRAP supplement to virgin concrete 
(p=0.000132) and comparing initial fracture energy (p = 0.0428) and CTODc (p = 0.0277) of 
the 45% FRAP with fibers supplement to virgin concrete. Otherwise, all other fracture 
parameters were not statistically different compared to the virgin concrete, except the 
expected higher total fracture energy for FRAP with fiber reinforcement.  
 
Table 38: Concrete strength properties for the lab supplement FRAP mixes. 
Compressive Strength (psi) 
Mix 1 2 3 4 Average COV 
45% FRAP 
(supplement) 5,631 5,719 5,349 5,915 5,653 4.2% 
45% FRAP with 
fibers (supplement) 5,577 5,294 5,475 5,558 5,476 2.4% 
Flexural Strength (psi) 
Mix 1 2 3 Average COV 
45% FRAP 
(supplement) 975 899 900 925 4.7% 
45% RAP with 
fibers (supplement) 807 780 – 793 2.4% 
 
Table 39: Concrete fracture properties (SENB) for the lab supplement FRAP mixes. 
Mix 
Stress 
Intensity 
Factor KsIc 
(MPa-m1/2) 
Critical Crack 
Tip Opening 
Displacement 
CTODc (mm) 
Initial 
Fracture 
Energy GsIc 
(N/m) 
Peak 
Load, P 
(kN) 
Total 
Fracture 
Energy GF 
(N/m) 
45% FRAP 
(supplement) 1.043 (18%) 0.0173 (42%) 47.1 (24%) 
3.85 
(9.5%) 119.4 (4.8%) 
45% FRAP 
with fibers 
(supplement) 
1.110 (6.8%) 0.0275 (10%) 58.9 (7.5%) 3.64 (12%) 2452 (31%) 
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CHAPTER 5 CONCRETE SLAB TESTING RESULTS 
 
5.1 CONCRETE SLAB FOUNDATION SUPPORT PREPARATION 
A 2-in. granular layer was placed and covered with a geotextile (see Figure 19). Fine 
aggregates taken from concrete-crushing operations were then placed in an 8-in. layer over 
the fabric. The recycled concrete aggregate fines layer was placed in three lifts, with each lift 
consolidated by a vibratory compactor (see Figure 20).  
 
 
(a) 
 
(b) 
Figure 19: Soil test bed (a) consisting of a 2-in. granular layer (b) separated by a geotextile 
fabric prior to filling the remainder of the bed. 
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Figure 20: RCA fine aggregate layer constructed in multiple lifts.  
 
5.2 SLAB TEST PREPARATION 
Prior to testing, the slabs were stored outside. Up to four slabs were stacked 
vertically separated by wood blocks. In preparation for testing, the slabs were brought 
indoors and stacked four high next to the test setup. To ensure a uniform contact, the top of 
the soil bed was overfilled with fine aggregate and then struck off using a wood beam. A 
crane was used to lift the slab onto the test bed (Figure 21), using the anchors previously 
placed in the concrete during construction (Figure 7). The slab was then situated on the soil 
bed such that the mid-edge of the slab would be loaded by the actuator.  
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Figure 21: Crane used to lift the slabs onto the test bed safely.  
 
A total of six linear voltage differential transducers (LVDTs) were used to measure 
the deflection of the slab at various locations (Figure 22). The LVDTs were placed at each 
corner, at the direct center of the slab, and at the rear mid-edge opposite the actuator. To 
provide a uniform contact with the actuator, a layer of clay was placed as a leveling agent 
prior to placing a load plate at the mid-edge of the slab. An image of the test setup is shown 
in Figure 23.  
 
 
Figure 22: LVDT measuring the corner deflection. 
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Figure 23: Test setup depicting the actuator, load plate, and an LVDT. 
 
5.3 SLAB TESTING RESULTS 
All 16 slabs were monotonically tested to flexural failure over the span of several 
days, as each slab required a few hours to set up and test. The concrete age at the time of 
testing spanned from 35 to 40 days. A summary of the testing order and age of each slab 
can be found in Table 40. The testing order was random in that it was not prearranged 
which slabs would be tested when, although the first slab tested was preselected to be Slab 
16 (full-depth virgin). All slabs tested were unnotched. The load plate used measured 9.5-in. 
square and was centered at the middle edge of the slab. The slab was then loaded at an 
actuator displacement rate of 1 mm per minute. Prior to starting the test, a seating load was 
applied, which was typically less than 10 kN, with one test unintentionally having a seating 
load of 32 kN (see Table 41).  
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Table 40: Slab testing order and age. 
Slab 
Number Type Description 
Order 
Tested Testing Date 
Testing 
Age 
(days) 
1 Two-Lift Virgin over 45% FRAP 5 6/23/2012 37 
2 Two-Lift Virgin over 45% FRAP 11 6/24/2012 38 
3 Full-Depth 45% FRAP 9 6/24/2012 38 
4 Full-Depth 45% FRAP 14 6/26/2012 40 
5 Two-Lift Virgin over 45% FRAP with fibers 4 6/21/2012 35 
6 Two-Lift Virgin over 45% FRAP with fibers 15 6/26/2012 40 
7 Full-Depth 100% RCA 7 6/23/2012 37 
8 Full-Depth 100% RCA 2 6/21/2012 35 
9 Two-Lift Virgin over 100% RCA 3 6/21/2012 35 
10 Two-Lift Virgin over 100% RCA 12 6/24/2012 38 
11 Full-Depth 45-55% FRAP-RCA 16 6/26/2012 40 
12 Full-Depth 45-55% FRAP-RCA 13 6/26/2012 40 
13 Two-Lift Virgin over 45-55% FRAP-RCA 10 6/24/2012 38 
14 Two-Lift Virgin over 45-55% FRAP-RCA 8 6/23/2012 37 
15 Full-Depth Virgin 6 6/23/2012 37 
16* Full-Depth Virgin 1 6/21/2012 35 
*Slab may have variable properties (see Section 3.1) 
 
5.3.1 Slab Peak Loads, Crack Mapping, and Thicknesses 
The slabs were all tested until after the peak flexural load indicated by both a flexural 
crack (point at which a crack propagated across the slab) and a drop in the load. For the 
slabs with fibers in the bottom lift (Slabs 5 and 6), a crack was not easily visible, so the test 
was continued until the ultimate load was reached, which was the second point when the 
load dropped and a circumferential punch-out failure was noted on the slab. The peak loads 
for all slabs are shown in Table 41. The peak loads of the replicate slabs were averaged 
(Table 42), revealing that the both full-depth and two-lift slabs with recycled aggregates had 
similar or slightly higher peak loads relative to a conventional virgin full-depth slab. The 
results from Table 42 are not consistent with the flexural, compressive, and split tensile 
strengths for the same mixtures but are better correlated with the fracture properties in Table 
31 and Table 32. The SENB critical stress intensity factor and fracture energy for all 
mixtures (except the FRAP with fibers) were statistically similar to the virgin aggregate 
concrete, and therefore the fracture properties, not strength properties, controlled the failure 
of the slabs (i.e., slabs should be expected to have similar peak loads based on the fracture 
properties). The results of the slab tests were counterintuitive relative to conventional 
design, which always relates higher beam/cylinder strength with higher slab capacity. The 
recycled mixtures’ flexural strengths were reduced between 25 and 45% relative to the virgin 
aggregate concrete, yet the slab flexural capacity was similar between the recycled concrete 
mixtures and virgin aggregate concrete. 
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Table 41: Peak flexural and ultimate loads for all concrete slabs. 
Slab 
Number Type Description 
Seating 
Load (kN) 
Peak Load 
(kN) 
Ultimate 
Load (kN) 
1 Two-Lift Virgin over 45% FRAP 10.39 118.1 – 
2 Two-Lift Virgin over 45% FRAP 7.13 128.3 – 
3 Full-Depth 45% FRAP 32.05 90.4 – 
4 Full-Depth 45% FRAP 2.38 145.9 – 
5 Two-Lift Virgin over 45% FRAP with fibers 4.12 99.0 148.6 
6 Two-Lift Virgin over 45% FRAP with fibers 4.34 120.1 153.6 
7 Full-Depth 100% RCA 10.58 119.2 – 
8 Full-Depth 100% RCA 5.66 99.6 – 
9 Two-Lift Virgin over 100% RCA 4.08 121.6 – 
10 Two-Lift Virgin over 100% RCA 3.59 137.3 – 
11 Full-Depth 45-55% FRAP-RCA 2.05 138.5 – 
12 Full-Depth 45-55% FRAP-RCA 6.78 112.9 – 
13 Two-Lift Virgin over 45-55% FRAP-RCA 0.86 130.0 – 
14 Two-Lift Virgin over 45-55% FRAP-RCA 7.23 80.7 – 
15 Full-Depth Virgin 6.33 89.5 – 
16* Full-Depth Virgin 11.16 111.3 – 
*Slab may have variable properties (see Section 3.1). 
 
Table 42: Average peak flexural loads for each slab type. 
Slab Type Average Peak Load (kN) 
Coefficient of 
Variation 
Percent Difference 
from Full-Depth 
Virgin 
Two-Lift Virgin over 45% FRAP 123.2 5.9% 22.8% 
Full-Depth 45% FRAP 118.2 33.2% 17.7% 
Two-Lift Virgin over 45% FRAP with fibers 109.5 13.6% 9.1% 
Full-Depth 100% RCA 109.4 12.7% 9.0% 
Two-Lift Virgin over 100% RCA 129.4 0.7% 29.0% 
Full-Depth 45-55% FRAP-RCA 125.7 14.4% 25.2% 
Two-Lift Virgin over 45-55% FRAP-RCA 105.3 33.1% 5.0% 
Full-Depth Virgin* 100.4 15.4% – 
*Slab 16 may have variable properties (see Section 3.1). 
 
After the testing had ended, the cracks were mapped (or in the case of the slabs with 
fibers, the post-ultimate load cracks) by measuring the crack at 6-in. intervals along the 
length of the slab, as shown in Figure 24 to Figure 27. As it can be seen, the majority of the 
cracks propagated along the middle of the slab for both the full-depth and the two-lift slabs. 
For the two slabs with fibers (Figure 24), a punch-out cracking behavior developed at the 
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ultimate load. In Slab 6, the crack propagated to the adjacent sides of the slab rather than to 
the opposite, parallel edge, which was unexpected. Similar cracking behavior was noted in 
Slab 7 (Figure 25) and Slabs 13 and 14 (Figure 26). One possible reason for the unusual 
cracking behavior was over-compaction of the soil near the actuator from the high pressure. 
Therefore, the soil was dug up near the loaded area and re-compacted after every fourth 
slab test.  
 
 
Figure 24: Post-peak flexural load cracking maps of the slabs containing 45% FRAP. The 
cracking maps for Slabs 5 and 6 are post-ultimate load. The dotted lines in Slab 6 denote 
partial depth slabs present at the surface of the slab after the ultimate load. 
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Figure 25: Post-peak flexural load cracking maps of the slabs containing 100% RCA. 
 
 
Figure 26: Post-peak flexural load cracking maps of the slabs containing the 45-55% FRAP-
RCA blend. The dotted line in Slab 13 denotes a partial-depth crack on the surface of the 
slab after the peak load. 
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Figure 27: Post-peak flexural load cracking maps of the full-depth virgin concrete slabs. 
 
The load versus deflection plots are shown for all slabs in Figure 28 through Figure 
32. The peak flexural load can clearly be seen as the point at which the load dramatically 
reduces. For all plots, the deflection is measured from the load actuator. For the slabs with 
fibers in the bottom lift, both the peak flexural and ultimate loads are depicted in Figure 29.  
 
 
Figure 28: Load versus deflection for the two-lift slabs (Slabs 1 and 2) and the full-depth 
slabs (Slabs 3 and 4) containing 45% FRAP. 
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(a) Slab 5 
 
(b) Slab 6 
Figure 29: Load-deflection plots for the two-lift slabs containing 45% FRAP with fibers. 
 
 
Figure 30: Load versus deflection for the full-depth (Slabs 7 and 8) and two-lift (Slabs 9 and 
10) containing 100% RCA. 
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Figure 31: Load versus deflection for the full-depth (Slabs 11 and 12) and two-lift (Slabs 13 
and 14) samples containing 100% RCA. 
 
 
Figure 32: Load-deflection plots for the full-depth virgin slabs. 
 
After each slab was tested, the thickness of the slab was measured at 3-ft intervals 
along the length of the crack from the loaded edge at the actuator to the middle of the slab 
to the opposite edge. For the two-lift slabs, the thickness of each layer was measured. For 
the slabs that did not crack along the middle of the slab, the thicknesses were measured 
only under the actuator. The thicknesses of the full-depth slabs are shown in Table 43 and 
the two-lift slabs in Table 44. As can be seen, the thicknesses of the slabs did vary, which 
was primarily due to settlement of the wooden formwork that was placed on blocks to keep 
the slab’s surface level.  
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Table 43: Thicknesses (in in.) of the full-depth slabs. 
Slab 
Number Description At Load At Middle 
At Opposite 
Edge 
3 45% FRAP 6-1/8 6-3/8 6 
4 45% FRAP 6-5/8 6-7/8 6-1/4 
7 100% RCA 6-5/8 N/A N/A 
8 100% RCA 6-1/8 6-3/4 6-3/8 
11 45-55% FRAP-RCA 6-3/8 N/A N/A 
12 45-55% FRAP-RCA 6-1/4 6-5/8 6-1/4 
15 Virgin 6-3/4 6-3/4 6-1/8 
16* Virgin 6 6-3/8 6 
*Slab may have variable properties (see Section 3.1). 
 
Table 44: Thicknesses (in in.) of the two lift slabs. 
Slab 
Number Description 
At Load At Middle At Opposite Edge 
Total Bottom Lift 
Top 
Lift Total 
Bottom 
Lift 
Top 
Lift Total 
Bottom 
Lift 
Top 
Lift 
1 Virgin over 45% FRAP 6 4 2 6-3/4 3 3-3/4 6 3-1/4 2-3/4 
2 Virgin over 45% FRAP 6-1/4 4 2-1/4 6-1/2 4-1/4 2-1/4 6 4 2 
5 
Virgin over 
45% FRAP 
with fibers 
6 4-1/8 1-7/8 6-1/4 4 2-1/4 6 4 2 
6 
Virgin over 
45% FRAP 
with fibers 
6-1/8 4 2-1/8 N/A N/A N/A N/A N/A N/A 
9 Virgin over 100% RCA 6-1/2 4 2-1/2 7 4 3 6-1/4 4-1/8 2-1/8 
10 Virgin over 100% RCA 6-1/4 4 2-1/4 6-3/4 4 2-3/4 6 3-3/4 2-1/4 
13 
Virgin over 
45-55% 
FRAP-RCA 
6-1/8 4-1/4 1-7/8 N/A N/A N/A N/A N/A N/A 
14 
Virgin over 
45-55% 
FRAP-RCA 
6-1/2 4 2-1/2 N/A N/A N/A N/A N/A N/A 
 
5.3.2 k-Value Backcalculation 
The modulus of subgrade reaction (k-value) was determined from each slab test by 
backcalculating the value from the load-deflection data and using the computer program 
ILSL2, which is an updated version of ILLISLAB (Tabatabaie and Barenberg 1980; 
Ioannides et al. 1985; Ioannides and Korovesis 1992; Khazanovich and Ioannides 1993). 
The slab was assumed to be on a Winkler foundation, and full bond was assumed between 
the two-lift layers. The modulus of elasticity of each layer was assumed to be the values 
previously determined from the 6 x 12-in. cylinders. The thickness of the slabs and two-lift 
layers were assumed to be uniform, and the thickness under the actuator was chosen as the 
measured slab thickness as presented in Table 43 and Table 44.  
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The deflections used in the backcalculation were from the LVDTs measuring the 
corner deflections on either side of the actuator. The actuator deflection was not used 
because it records extraneous movements other than the slab (i.e., the actuator frame has 
initial compliance). In most instances, the deflections on either side of the actuator were 
similar, but in some cases, the deflections were greatly different because of slab rotation 
from nonuniform support stiffness. Plots of the corner deflections for all slabs can be found 
in Appendix A. The two corner deflection values were averaged, and then the difference 
between the deflections at 60 and 80 kN was determined (which was typically when the 
LVDTs recorded a linear deflection). In addition, the k-value was also backcalculated using 
the deflections from only the right and left corners. The k-value was varied in the ILSL2 
program at those loads until the same difference in deflection was achieved. The 
backcalculated k-value was determined to the nearest 0.5 psi/in.  
The results for the k-value backcalculation are shown in Table 45. The coefficient of 
variation (COV) was determined between the three k-values calculations (right corner, left 
corner, and the average of the two). Note that the relationship between deflection and k-
value is not linear (i.e., nonuniform support), which is why for some slabs (see Slab 1, for 
example) the k-value is very high for one of the corner deflections, but the average and 
other corner yields k-values that are much less. Figure 33 is a plot of the k-values versus 
order of slab tested (the order is shown in Table 40) demonstrates that the k-value of the 
soil increased initially for the first few slabs tested, potentially due to additional compaction 
of the soil from loading, and then the majority of the other tests had k-values that were much 
more similar, because the soil was re-compacted after every fourth slab tested. The average 
k-value varied from 50 to 200 psi/in for all the slabs tested. 
 
 
Figure 33: k-Values backcalculated from the corner deflections versus the slab testing order. 
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Table 45: k-Value backcalculations based on the right, left, and average corner deflections. 
Slab 
No. Type Slab Type Deflection 
Lower Load Level Higher Load Level 
k-value 
(psi/in.) COV 
Actual 
Load 
(kN) 
Corner 
Deflections 
(mm) 
Actual 
Load 
(kN) 
Corner 
Deflections 
(mm) 
1 Two- Lift 
Virgin over 
45% 
FRAP 
Right 
Corner 60.023 –4.703 80.006 –5.712 77.0 
78.9% Left 
Corner 60.023 –1.775 80.006 –1.980 349.5 
Average 60.023 –3.239 80.006 –3.846 126.0 
2 Two- Lift 
Virgin over 
45% 
FRAP 
Right 
Corner 60.048 –1.858 80.018 –2.445 130.5 
6.3% Left 
Corner 60.048 –1.968 80.018 –2.639 115.0 
Average 60.048 –1.913 80.018 –2.542 122.0 
3 Full- Depth 
45% 
FRAP 
Right 
Corner 60.004 –0.491 80.018 –1.301 95.0 
43.1% Left 
Corner 60.004 –0.826 80.018 –2.747 41.0 
Average 60.004 –0.659 80.018 –2.024 57.0 
4 Full- Depth 
45% 
FRAP 
Right 
Corner 60.033 –4.106 80.029 –5.070 80.5 
11.9% Left 
Corner 60.033 –4.884 80.029 –5.643 102.0 
Average 60.033 –4.495 80.029 –5.357 90.0 
5 Two- Lift 
Virgin over 
45% 
FRAP with 
fibers 
Right 
Corner 60.013 –2.202 80.022 –2.569 202.0 
2.8% Left 
Corner 60.013 –3.634 80.022 –4.024 191.0 
Average 60.013 –2.918 80.022 –3.297 196.5 
6 Two- Lift 
Virgin over 
45% 
FRAP with 
fibers 
Right 
Corner 60.027 –4.316 80.031 –5.708 56.0 
16.7% Left 
Corner 60.027 –2.250 80.031 –3.245 78.0 
Average 60.027 –3.283 80.031 –4.477 65.0 
7 Full- Depth 
100% 
RCA 
Right 
Corner 60.027 –4.539 80.031 –5.563 76.0 
3.5% Left 
Corner 60.027 –4.108 80.031 –5.066 81.5 
Average 60.027 –4.323 80.031 –5.314 78.5 
8 Full- Depth 
100% 
RCA 
Right 
Corner 60.019 –5.911 80.008 –6.403 154.0 
0.2% Left 
Corner 60.019 –6.715 80.008 –7.206 154.5 
Average 60.019 –6.313 80.008 –6.805 154.0 
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Table 45 (continued): k-Value backcalculations based on the right, left, and average corner 
deflections. 
Slab 
No. Type Slab Type Deflection 
Lower Load Level Higher Load Level 
k-value 
(psi/in.) COV 
Actual 
Load 
(kN) 
Corner 
Deflections 
(mm) 
Actual 
Load 
(kN) 
Corner 
Deflections 
(mm) 
9 Two- Lift 
Virgin over 
100% 
RCA 
Right 
Corner 60.021 -6.885 80.018 –7.464 133.0 
17.5% Left 
Corner 60.021 –6.351 80.018 –6.755 188.5 
Average 60.021 –6.618 80.018 –7.109 156.0 
10 Two- Lift 
Virgin over 
100% 
RCA 
Right 
Corner 60.029 –6.746 80.004 –8.166 55.0 
15.2% Left 
Corner 60.029 –4.563 80.004 –5.605 74.5 
Average 60.029 –5.655 80.004 –6.885 63.5 
11 Full- Depth 
45-55% 
FRAP-
RCA 
Right 
Corner 60.008 –1.877 80.029 –2.850 79.5 
5.6% Left 
Corner 60.008 –1.500 80.029 –2.365 89.0 
Average 60.008 –1.688 80.029 –2.608 84.0 
12 Full- Depth 
45-55% 
FRAP-
RCA 
Right 
Corner 60.031 –5.609 80.018 –6.385 98.5 
8.9% Left 
Corner 60.031 –5.537 80.018 –6.470 82.5 
Average 60.031 –5.573 80.018 –6.427 90.0 
13 Two- Lift 
Virgin over 
45-55% 
FRAP-
RCA 
Right 
Corner 60.013 –3.619 80.024 –4.572 81.0 
31.4% Left 
Corner 60.013 –1.491 80.024 –1.994 150.5 
Average 60.013 –2.555 80.024 –3.283 105.5 
14 Two- Lift 
Virgin over 
45-55% 
FRAP-
RCA 
Right 
Corner 60.017 –5.115 80.006 –6.322 64.5 
60.6% Left 
Corner 60.017 –5.080 80.006 –5.442 208.0 
Average 60.017 –5.098 80.006 –5.882 98.5 
15 Full- Depth Virgin 
Right 
Corner 60.013 –6.676 80.002 –7.963 61.0 
21.3% Left 
Corner 60.013 –3.471 80.002 –4.310 93.0 
Average 60.013 –5.074 80.002 –6.136 73.5 
16* Full- Depth Virgin 
Right 
Corner 60.035 –1.963 80.012 –2.714 103.0 
0.7% Left Corner 60.035 –2.788 80.012 –3.550 101.5 
Average 60.035 –2.376 80.012 –3.132 102.0 
*Slab may have variable properties (see Section 3.1). 
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5.3.3 Maximum Tensile Stress at Failure 
With the measured and backcalculated properties, ILSL2 was used to determine the 
calculated maximum slab tensile stress at failure, based on the peak flexural load. The k-
value that corresponded to the average of the two corner deflections was used in this 
calculation. The loaded area was 9.5 in. square. For the two-lift pavements, it was assumed 
that there was full bond between the two concrete layers. The maximum tensile stress 
occurred at the bottom of the slab at the edge directly under the applied load for all 
simulations. The maximum tensile stresses at failure for each slab type are shown in Table 
46. If one compares the average maximum tensile stresses at failure, all of the recycled 
aggregate concrete mixes (with the exception of the 45-55% FRAP-RCA two-lift slabs) 
achieved higher slab capacities relative to the virgin concrete. A t-test was performed to 
compare the maximum tensile stress at failure relative to the virgin concrete (Table 47), 
which found that there was not a statistical difference (p > 0.05), likely because of the high 
coefficient of variation of the slab tests including the virgin concrete slabs.  
 
Table 46: Maximum tensile stresses at slab failure load. 
Slab 
No. Type Description 
Peak 
Load 
(kN) 
Slab 
Thickness 
(in) 
k-value 
(psi/in.) 
Maximum 
Tensile  
Stress 
(psi) 
Average 
Maximum 
Stress 
(psi) 
COV 
1 
Two-Lift Virgin over 45% FRAP 
118.1 6 126 1,374.6 
1,399.9 2.6% 
2 128.3 6.25 122 1,425.3 
3 Full-
Depth 45% FRAP 
90.4 6.125 57 1,133.3 
1,345.5 22% 
4 145.9 6.625 90 1,557.7 
5 
Two-Lift 
Virgin over 45% 
FRAP with 
fibers 
99.0 6 196.5 1,099.9 
1,212.5 13% 
6 120.1 6.125 65 1,325.1 
7 Full-
Depth 100% RCA 
119.2 6.625 78.5 1,277.0 
1,249.7 3.1% 
8 99.6 6.125 154 1,222.4 
9 
Two-Lift Virgin over 100% RCA 
121.6 6.5 156 1,257.5 
1,412.8 16% 
10 137.3 6.25 63.5 1,568.1 
11 Full-
Depth 
45-55% FRAP-
RCA 
138.5 6.375 84 1,588.9 
1,466.1 12% 
12 112.9 6.25 90 1,343.3 
13 
Two-Lift 
Virgin over 45-
55% FRAP-
RCA 
130.0 6.125 105.5 1,431.2 
1,112.9 40% 
14 80.7 6.5 98.5 794.7 
15 Full-
Depth Virgin 
89.5 6.75 73.5 926.8 
1,185.8 31% 
16* 111.3 6 102 1,444.7 
*Slab may have variable properties (see Section 3.1). 
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Table 47: Statistical analysis of the maximum tensile stresses at failure for recycled concrete 
relative to the virgin aggregate concrete. 
Slab Type Maximum Tensile Stress (psi) 
Average 
Stress 
(psi) 
Standard 
Deviation 
(psi) 
Pooled 
Standard 
Deviation 
Sp2 
t value p value 
Virgin (Full-Depth) 926.8 1,444.7 1,185.8 366.2 - - - 
45% FRAP (Two-Lift) 1,374.6 1,425.3 1,399.9 35.83 67,710 0.823 0.497 
45% FRAP (Full-
Depth) 1,133.3 1,557.7 1,345.5 300.1 112,094 0.477 0.680 
45% FRAP with Fibers 
(Two-Lift) 1,099.9 1,325.1 1,212.5 159.2 79,736 0.095 0.933 
100% RCA (Full-
Depth) 1,277.0 1,222.4 1,249.7 38.62 67,814 0.245 0.829 
100% RCA (Two-Lift) 1,257.5 1,568.1 1,412.8 219.7 91,198 0.752 0.531 
45-55% FRAP-RCA 
(Full-Depth) 1,588.9 1,343.3 1,466.1 173.7 82,154 0.978 0.431 
45-55% FRAP-RCA 
(Two-Lift) 1,431.2 794.7 1,112.9 450.1 168,342 0.178 0.875 
 
The maximum slab tensile stress can be compared to the measured beam flexural 
strength of concrete. It is clearly evident that there is a disconnect between the flexural 
strength and the slab flexural capacity (Table 48). The beam flexural strength has been 
shown to represent more of the initiation of cracks in slabs and not the full flexural capacity 
of the slab. The ratio of stress to the flexural strength yields a value greater than 1.0, and all 
of the slabs with recycled aggregates yield a ratio greater than the virgin concrete. Not only 
does this finding support previous conclusions that beam flexural strength does not 
correspond to slab capacity (Roesler 1998; Roesler et al. 2004, 2005, 2012) , but it also 
demonstrates that, for concrete with recycled aggregates, which typically has lower strength 
versus virgin concrete, there is a greater slab capacity than would otherwise be predicted by 
beam strength tests. This finding indicates the fracture properties of the slab contribute to 
the flexural cracking load of the slab more than it does to the measured strength.  
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Table 48: Ratio of maximum tensile stress to flexural strength. 
Slab 
No. Type Description 
Maximum 
Slab Tensile  
Stress (psi) 
Flexural 
Strength 
(psi)* 
Ratio of Tensile 
Stress to Flexural 
Strength 
Average 
Ratio 
1 
Two-Lift Virgin over 45% FRAP 
1,375 584 2.35 
2.40 
2 1,425 584 2.44 
3 Full-
Depth 45% FRAP 
1,133 584 1.94 
2.31 
4 1,558 584 2.67 
5 
Two-Lift Virgin over 45% FRAP with fibers 
1,100 451 2.44 
2.69 
6 1,325 451 2.94 
7 Full-
Depth 100% RCA 
1,277 574 2.23 
2.18 
8 1,222 574 2.13 
9 
Two-Lift Virgin over 100% RCA 
1,257 574 2.19 
2.46 
10 1,568 574 2.73 
11 Full-
Depth 
45-55% FRAP-
RCA 
1,589 593 2.68 
2.47 
12 1,343 593 2.26 
13 
Two-Lift Virgin over 45-55% FRAP-RCA 
1,431 593 2.41 
1.88 
14 795 593 1.34 
15 Full-
Depth Virgin 
927 786 1.18 
1.51 
16** 1,445 786 1.84 
*Note: For the two-lift slabs, the flexural strength that was used for the ratio was the strength for 
the bottom lift (recycled aggregate) concrete.  
**Slab may have variable properties (see Section 3.1). 
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CONCLUSIONS 
 
Large-scale concrete slabs (6  ft square by 6 in. thick) were constructed to evaluate 
the effects of recycled aggregates on the peak flexural load capacity. Both full-depth and 
two-lift concrete slabs were cast. The following five concrete mixtures were evaluated under 
monotonic loading: control (100% virgin aggregate), 45% replacement of coarse aggregate 
with fractionated reclaimed asphalt pavement (FRAP), 45% replacement of coarse 
aggregate with FRAP (with synthetic macrofibers), 100% replacement of the coarse 
aggregate with recycled concrete aggregate (RCA), and replacement of coarse aggregate 
with 45% FRAP and 55% RCA.  
The 16 concrete slabs were cast in May 2012 and tested between an age of 35 to 40 
days. Because of the combination of high-range water-reducer added onsite, slump level, 
and air entrainer, the 45% FRAP and the 45% FRAP with macrofibers had relatively high 
fresh concrete air contents, which was the cause of their reduction in hardened properties 
noted in the laboratory-sized specimens. The virgin aggregate (control) mix resulted in the 
highest strength (compression, split tension, and flexural) and highest modulus of elasticity 
of all five mixtures. The 45% FRAP concrete mixture had a reduction in compression, split, 
and flexural strengths relative to the virgin concrete of 45%, 28%, and 26%, respectively. 
The modulus of elasticity was also reduced by 25% with the addition of 45% FRAP 
replacement of virgin coarse aggregate. A 100% replacement of virgin coarse aggregate 
with RCA reduced the compression, split, and flexural strengths relative to the virgin 
concrete of 24%, 25%, and 27%, respectively, with a reduction in elastic modulus of 19%. 
The greatest reductions in strength came from the FRAP with fibers, which also had the 
highest measured air content. The 45-55% FRAP-RCA blend had reductions in strength and 
modulus similar to the 45% FRAP replacement results. The results of the laboratory 
specimen tests suggested the slabs with virgin aggregates would have significantly higher 
flexural load capacities relative to the other recycled concrete mixtures. 
The concrete slab peak load was measured for slabs that were loaded at the mid-
slab edge. The results of two slabs per concrete and slab type (full-depth or two-lift) 
revealed that the presence of the recycled aggregate did not reduce the flexural load 
capacity as was expected from the results of the laboratory-sized specimens (i.e., 
compressive, split tensile, and flexural strength). The results of the flexural load capacity of 
the slabs even found that the fibers had no statistical difference relative to the virgin 
aggregate concrete slabs despite an over 40% reduction in beam flexural strength. 
Accounting for the variation between the foundation support and the slab thickness between 
slab specimens, the ratio of slab flexural strength to beam flexural strength was 1.5 for the 
virgin aggregate concrete and ranged from 1.9 to 2.7 for the concretes with recycled 
aggregates. The main reason for the similarity between the recycled aggregate concrete 
(both FRAP and RCA in single- and two-lift construction) was the concrete fracture 
properties. The SENB-derived critical stress intensity factor, initial fracture energy, and total 
fracture energy were not statistically different for the concretes with recycled aggregates 
relative to the virgin aggregate concrete mixtures, with the exception of the 45% FRAP mix 
with fibers. Overall, this meant the failure of the slabs was more controlled by the combined 
effect of the concrete fracture properties and slab geometry rather than the concrete 
strength properties. Furthermore with the addition of macrofibers, bridging stresses were 
significantly enhanced across the developing crack front, thereby increasing the flexural load 
capacity of the 45% FRAP with fiber slabs despite its significant reduction in critical stress 
intensity factor and strength properties.  
 
  
71 
 
REFERENCES 
 
AASHTO T22. (2007). “Compressive Strength of Cylindrical Concrete Specimens,” 
American Association of State Highway and Transportation Officials: Washington 
DC, 11 p. 
AASHTO T97. (2003). “Flexural Strength of Concrete (Using Simple Beam with Third-Point 
Loading),” American Association of State Highway and Transportation Officials: 
Washington DC, 5 p.  
AASHTO T164. (2011). “Quantitative Extraction of Asphalt Binder from Hot Mix Asphalt 
(HMA),” American Association of State Highway and Transportation Officials: 
Washington DC, 21 p. 
AASHTO T198. (2009). “Splitting Tensile Strength of Cylindrical Concrete Specimens,” 
American Association of State Highway and Transportation Officials: Washington 
DC, 7 p. 
Amirkhanian, A.N. (2012). Properties of Functionally Graded Concrete Slabs, Master of 
Science Thesis, University of Illinois at Urbana-Champaign, Urbana, Illinois.  
Anderson, K.W., J.S. Uhlmeyer, and M. Russell. (2009). Use of Recycled Concrete 
Aggregate in PCCP: Literature Search, Report No. WA-RD 726.1, Washington State 
Department of Transportation, Olympia, 37 p.  
ASTM C29. (2009). “Standard Test Method for Bulk Density (‘Unit Weight‘) and Voids in 
Aggregate,” ASTM International: West Conshohocken, 5 p. 
ASTM C127. (2007). “Standard Test Method for Density, Relative Density (Specific Gravity), 
and Absorption of Coarse Aggregate,” ASTM International: West Conshohocken, 6 
p. 
ASTM C128. (2007). “Standard Test Method for Density, Relative Density (Specific Gravity), 
and Absorption of Fine Aggregate,” ASTM International: West Conshohocken, 7 p. 
ASTM C136. (2006). “Standard Test Method for Sieve Analysis of Fine and Coarse 
Aggregates,” ASTM International: West Conshohocken, 5 p. 
ASTM C469. (2010). “Standard Test Method for Static Modulus of Elasticity and Poisson’s 
Ratio of Concrete in Compression,” ASTM International: West Conshohocken, 5 p. 
ASTM D7313. (2007). “Standard Test Method for Determining Fracture Energy of Asphalt-
Aggregate Mixtures Using the Disk-Shaped Compacted Tension Geometry,” ASTM 
International: West Conshohocken, 7 p. 
Bažant, Z.P., and J. Planas. (1998). Fracture and Size Effect in Concrete and Other 
Quasibrittle Materials. CRC Press: Boca Raton. 
Beckett, D., and Humphreys, J. (1989). Comparative Tests on Plain, Fabric Reinforced and 
Steel Fibre Reinforced Concrete Ground Slabs, Report No. TP/B/1, Thames 
Polytechnic School of Civil Engineering, Dartford, 33 p. 
Beckett, D., T. Van de Woestyne, and S. Callens. (1999). “Corner and Edge Loading on 
Ground Floors Reinforced with Steel Fibers,” Concrete (London), Volume 33, Issue 
3, pp. 22-24.  
Beeldens, A., and E. Boonen. (2012). “A Double Layered Photocatalytic Concrete 
Pavement: A Durable Application with Air-purifying Properties,” Proceedings of the 
10th International Conference on Concrete Pavements, Québec City, Canada, pp. 
924-935. 
Bentsen, R.A., W.A. Vavrik, J.R. Roesler, and S.L. Gillen. (2013). “Ternary Blend Concrete 
with Reclaimed Asphalt Pavement as an Aggregate in Two-Lift Concrete Pavement,” 
Proceedings of the 2013 International Concrete Sustainability Conference, National 
Ready Mixed Concrete Association, San Francisco, California, 13 p.  
72 
 
Bergren, J.V., and R.A. Britson. (1977). Portland Cement Concrete Utilizing Recycled 
Pavement, Report No. MLR-7703, Iowa Department of Transportation, 35 p.  
Bilodeau, K., C. Sauzéat, H. Di Benedetto, F. Olard, and D. Bonneau. (2011). “Laboratory 
and In Situ Investigations of Steel Fiber Reinforced Compacted Concrete Containing 
Reclaimed Asphalt Pavement.” 90th Annual Meeting of the Transportation Research 
Board, Washington DC, 12 p. 
Bilodeau, K., C. Sauzéat, H. Di Benedetto, and F. Olard. (2012). “Roller Compacted 
Concrete for Road Base Layer with RAP and Steel Fibers: Viscous Properties and 
Description of Experimental Sites,” Proceedings from the 10th International 
Conference on Concrete Pavements, Québec City, Canada, pp. 435-448.  
Bordelon, A., V. Cervantes, and J.R. Roesler. (2009). “Fracture Properties of Concrete 
Containing Recycled Concrete Aggregates,” Magazine of Concrete Research, 
Volume 61, Issue 9, pp. 665-670.  
Brand, A.S., J.R. Roesler, I.L. Al-Qadi, and P. Shangguan. (2012). Fractionated Reclaimed 
Asphalt Pavement (FRAP) as a Coarse Aggregate Replacement in a Ternary 
Blended Concrete Pavement, Final Report No. ICT-12-008, Illinois Center for 
Transportation, Illinois State Toll Highway Authority, Downers Grove, Illinois. 
Buch, N., M.A. Frabizzio, and J.E. Hiller. (2000). “Impact of Coarse Aggregates on 
Transverse Crack Performance in Jointed Concrete Pavements,” ACI Materials 
Journal, Volume 97, Issue 3, pp. 325-332. 
Butler, L. (2012). Evaluation of Recycled Concrete Aggregate Performance in Structural 
Concrete, PhD Dissertation, University of Waterloo, Waterloo, Canada.  
Cable, J.K., and D.P. Frentress. (2004). Two Lift Portland Cement Concrete Pavements to 
Meet Public Needs, Report No. DTF61-01-X-00042 (Project 8), Iowa State 
University, Federal Highway Administration, Washington DC, 23 p.  
Cackler, T., J. Alleman, J. Kevern, and J. Sikkema. (2012). Technology Demonstrations 
Project: Environmental Impact Benefits with “TX Active” Concrete Pavement in 
Missouri DOT Two-Lift Highway Construction Demonstration, Final Report No. 
DTFH61-06-H-00011 Work Plan 22, National Concrete Pavement Technology 
Center, Federal Highway Administration, Washington DC, 117 p.  
Calvert, G. (1977). Iowa D.O.T.’s Experience with Recycling Portland Cement Pavement 
and Asphalt Cement Pavement, Report No. MLR-7704, Iowa Department of 
Transportation, 25 p.  
Casuccio, M., M.C. Torrijos, G. Giaccio, and R. Zerbino. (2008). “Failure Mechanism of 
Recycled Aggregate Concrete,” Construction and Building Materials, Volume 22, pp. 
1500-1506.  
Cervantes, V. and J. Roesler. (2009). Performance of Concrete Pavements with Optimized 
Slab Geometry, Report No. ICT-09-053, University of Illinois at Urbana-Champaign, 
Commercial TC Pavements, Santiago, Chile, 112 p.  
Chandler, H.W., I.J. Merchant, R.J. Henderson, and D.E. Macphee. (2002). “Enhanced 
Crack-Bridging by Unbonded Inclusions in a Brittle Matrix,” Journal of the European 
Ceramic Society, Volume 22, pp. 129-134.  
Chini, A.R., S.-S. Kuo, J.M. Armaghani, and J.P. Duxbury. (2001). “Test of Recycled 
Concrete Aggregate in Accelerated Test Track,” Journal of Transportation 
Engineering, Volume 127, Issue 6, pp. 486-492.  
Choi, S., and M. Won. (2009). “Performance of Continuously Reinforced Concrete 
Pavement Containing Recycled Concrete Aggregate,” Geotechnical Special 
Publication (American Society of Civil Engineers), Volume 196, pp. 165-172.  
Darter, M.I. (1992). Report on the 1992 U.S. Tour of European Concrete Highways, Report 
No. FHWA-SA-93-012, Federal Highway Administration, Washington DC, 164 p.  
73 
 
Elices, M., and C.G. Rocco. (2008). “Effect of Aggregate Size on the Fracture and 
Mechanical Properties of a Simple Concrete,” Engineering Fracture Mechanics, 
Volume 75, pp. 3839-3851.  
Evangelista Jr., F., J. Roesler, and G. Paulino. (2009). “Numerical Simulations of Fracture 
Resistance of Functionally Graded Concrete Materials,” Transportation Research 
Record, Issue 2113, pp. 122-131.  
Evangelista Jr., F. (2011). Three-Dimensional Modeling of Failure in Quasi-Brittle Materials 
and Structures, PhD Dissertation, University of Illinois at Urbana-Champaign, 
Urbana, Illinois. 
FHWA. (1995). Demonstration Project No. 75: Michigan Demonstration Project I-75 Detroit, 
Michigan (European Concrete Pavement), Report No. FHWA-SA-95-045, Federal 
Highway Administration, Washington DC, 24 p.  
Gaedicke Hornung, M.C. (2009). Fracture-Based Method to Determine the Flexural Load 
Capacity of Concrete Slabs, PhD Dissertation, University of Illinois at Urbana-
Champaign, Urbana, Illinois. 
Gaedicke, C., J. Roesler, and F. Evangelista Jr. (2012). “Three-Dimensional Cohesive Crack 
Model Prediction of the Flexural Capacity of Concrete Slabs on Soil,” Engineering 
Fracture Mechanics, Volume 94, pp. 1-12.  
Gillen, S.L., A.S. Brand, J.R. Roesler, and W.R. Vavrik. (2012). “Sustainable Long-Lift 
Composite Concrete Pavement for Illinois Tollway,” Proceedings of the International 
Conference on Long-Lift Concrete Pavements, Seattle, Washington, 20 p.  
Guerrini, G.L., A. Beeldens, M. Crispino, G. D’Ambrosio, and S. Vismara. (2012). 
“Environmental Benefits of Innovative Photocatalytic Cementitious Road Materials,” 
Proceedings of the 10th International Conference on Concrete Pavements, Québec 
City, Canada, pp. 912-923.  
Guinea, G.V., K. El-Sayed, C.G. Rocco, M. Elices, and J. Planas. (2002). “The Effect of the 
Bond between the Matrix and the Aggregates on the Cracking Mechanism and 
Fracture Parameters of Concrete,” Cement and Concrete Research, Volume 32, pp. 
1961-1970.  
Hall, K., D. Dawood, S. Vanikar, R. Tally Jr., T. Cackler, A. Correa, P. Deem, J. Duit, G. 
Geary, A. Gisi, A. Hanna, S. Kosmatka, R. Rasmussen, S. Tayabji, and G. Voigt. 
(2007). Long-Life Concrete Pavements in Europe and Canada, Report No. FHWA-
PL-07-027, American Trade Initiatives, Federal Highway Administration, Washington 
DC, 84 p.  
Hillerborg, A. (1985). “The Theoretical Basis of a Method to Determine the Fracture Energy 
GF of Concrete,” Materials and Structures, Volume 18, Issue 4, pp. 291-296.  
IDOT. (2009). “Portland Cement Concrete Level III Technician Manual,” Illinois Department 
of Transportation, Springfield, Illinois. 
IDOT. (2012). “Standard Specifications for Road and Bridge Construction.” Illinois 
Department of Transportation, Springfield, Illinois.  
Ioannides, A.M., M.R. Thompson, and E.J. Barenberg. (1985). “Finite Element Analysis of 
Slabs-On-Grade using a Variety of Support Models,” Proceedings of the Third 
International Conference on Concrete Pavement Design and Rehabilitation, West 
Lafayette, Indiana, pp. 309-324.  
Ioannides, A.M. and G.T. Korovesis. (1992). “Analysis and Design of Doweled Slab-On-
Grade Pavement Systems,” Journal of Transportation Engineering, Volume 118, 
Issue 6, pp. 745-768.   
Jenq, Y., and S.P. Shah. (1985). “Two Parameter Fracture Model for Concrete,” Journal of 
Engineering Mechanics, Volume 111, Issue 10, pp. 1227-1241. 
Jensen, E.A., and W. Hansen. (2002). “Crack Resistance of Jointed Plain Concrete 
Pavements,” Transportation Research Record, Issue 1809, pp. 60-65. 
74 
 
Jensen, E.A., W. Hansen, and R. Brincker. (2005). “Engineering Solution for the Uniform 
Strength of Partially Cracked Concrete,” Transportation Research Record, Issue 
1919, pp. 16–22. 
Khazanovich, L., and A.M. Ioannides. (1993). “Finite Element Analysis of Slabs-On-Grade 
Using Higher Order Subgrade Soil Models,” Proceedings of Airport Pavement 
Innovations, Vicksburg, Mississippi, pp. 16-30. 
Kohler, E. (2005). Experimental Mechanics of Crack Width in Full-Scale Sections of 
Continuously Reinforced Concrete Pavements, PhD Dissertation, University of 
Illinois at Urbana-Champaign, Urbana, Illinois. 
Kou, S.C. (2006). Reusing Recycled Aggregates in Structural Concrete, PhD Dissertation, 
Hong Kong Polytechnic University, Kowloon, Hong Kong. 
Larson, R.M., S. Vanikar, and S. Forster. (1993). U.S. Tour of European Concrete Highways 
(U.S. Tech)—Follow-up Tour of Germany and Austria—Summary Report, Report No. 
FHWA-SA-93-080, Federal Highway Administration, Washington DC, 108 p.  
Littleton, P.C. (2003). Effect of Stress State on Concrete Slab Fatigue Resistance, Master of 
Science Thesis, University of Illinois at Urbana-Champaign, Urbana, Illinois. 
McLeod, H. (2010). “2009 Annual Report: High Performance Concrete Pavement.” Report 
No. FHWA-DTFH-71-96-TE30-KS-22, Kansas Department of Transportation, 
Topeka, 3 p.  
Meda, A., and G.A. Plizzari. (2004). “New Design Approach for Steel Fiber-Reinforced 
Concrete Slabs-on-Ground Based on Fracture Mechanics,” ACI Structural Journal, 
Volume 101, Issue 3, pp. 298-303. 
Mindess, S., J.F. Young, and D. Darwin. (2003). Concrete. 2nd Edition, Pearson Education: 
Upper Saddle River.  
Nguyen, M.L., J.M. Balay, C. Sauzéat, H. Di Benedetto, K. Bilodeau, F. Olard, and B. 
Ficheroulle. (2012). “Accelerated Pavement Testing Experiment of Pavement Made 
of Fiber-Reinforced Roller-Compacted Concrete,” Advances in Pavement Design 
through Full-Scale Accelerated Pavement Testing, ed. D. Jones, J. Harvey, I.L. Al-
Qadi, and A. Mateos, CRC Press: Boca Raton, pp. 299-311.  
Ozyildirim, C., and N.J. Carino. (2006). “Concrete Strength Testing,” Significance of Tests 
and Properties of Concrete and Concrete-Making Materials, ASTM STP 169D, ed. 
J.F. Lamond and J.H. Pielert, ASTM Inernational: West Conshohocken, pp. 125-140. 
Park, K., G.H. Paulino, and J. Roesler. (2010). “Cohesive Fracture Model for Functionally 
Graded Fiber Reinforced Concrete,” Cement and Concrete Research, Volume 40, 
pp. 956-965.  
Prokopski, G., and J. Halbiniak. (2000). “Interfacial Transition Zone in Cementitious 
Materials,” Cement and Concrete Research, Volume 30, pp. 579-583.  
Rao, S. (2005). Characterizing Effective Built-in Curling and Its Effect on Concrete 
Pavement Cracking, PhD Dissertation, University of Illinois at Urbana-Champaign, 
Urbana, Illinois. 
Rao, S., M. Darter, D. Tompkins, M. Vancura, L. Khazanovich, J. Signore, E. Coleri, R. Wu, 
J. Harvey, and J. Vandenbossche. (2012). Composite Pavement Systems Volume 2:  
PCC/PCC Pavements, Final Report, Project No. R21, Strategic Highway Research 
Program 2, Transportation Research Board, Washington DC.  
Roesler, J.R. (1998). Fatigue of Concrete Beams and Slabs, PhD Dissertation, University of 
Illinois at Urbana-Champaign, Urbana, Illinois. 
Roesler, J.R., D.A. Lange, S.A. Altoubat, K.-A. Rieder, and G.R. Ulreich. (2004). “Fracture of 
Plain and Fiber-Reinforced Concrete Slabs under Monotonic Loading,” Journal of 
Materials in Civil Engineering, Volume 16, Issue 5, pp. 452-460. 
75 
 
Roesler, J.R., J.E. Hiller, and P.C. Littleton. (2005). “Large-Scale Airfield Concrete Slab 
Fatigue Tests,” Proceedings of the 8th International Conference on Concrete 
Pavement, Colorado Springs, Colorado, 23 p. 
Roesler, J.R. (2006). “Fatigue Resistance of Concrete Pavements,” Proceedings of the 6th 
International DUT–Workshop on Fundamental Modelling of Design and Performance 
of Concrete Pavements, Belgium.  
Roesler, J., G. Paulino, C. Gaedicke, A. Bordelon, and K. Park. (2007). “Fracture Behavior 
of Functionally Graded Concrete Materials for Rigid Pavements,” Transportation 
Research Record, Issue 2037, pp. 40-49.  
Roesler, J.R., and J.G. Huntley. (2009). Performance of I-57 Recycled Concrete Pavements, 
Final Report No. ICT-09-032, University of Illinois at Urbana-Champaign, Illinois 
Department of Transportation, Springfield, Illinois, 88 p.  
Roesler, J.R., V.G. Cervantes, and A.N. Amirkhanian. (2012). “Accelerated Performance 
Testing of Concrete Pavement with Short Slabs,” International Journal of Pavement 
Engineering, Volume 13, Issue 6, pp. 494-507.  
Schutzbach, A.M. (1993). Recycling Old PCC Pavement—Performance Evaluation of FAI 57 
Inlays, Final Report No. FHWA/IL/PR-113, Illinois Department of Transportation, 
Springfield, Illinois, 55 p.  
Smiley, D.L. (1995). First Year Performance of the European Concrete Pavement on 
Northbound I-75—Detroit, Michigan, Research Report No. R-1338, Michigan 
Department of Transportation, Lansing, Michigan, 20 p.  
Smiley, D.L. (2010). Fifteen Year Performance Review of Michigan’s European Concrete 
Pavement, Report No. R-1538, Michigan Department of Transportation, Lansing, 
Michigan, 49 p.  
Sommer, H. (1994). “Recycling of Concrete for the Reconstruction of the Concrete 
Pavement of the Motorway Vienna-Salzburg.” 7th International Concrete Roads 
Symposium, Vienna, Austria, 5 p.  
Sorelli, L.G., A. Meda, and G.A. Plizzari. (2006). “Steel Fiber Concrete Slabs on Ground: A 
Structural Matter,” ACI Structural Journal, Volume 103, Issue 4, pp. 551-558. 
Sturtevant, J.R. (2007). Performance of Rigid Pavements Containing Recycled Concrete 
Aggregates, Master of Science Thesis, University of New Hampshire, Durham, New 
Hampshire.  
Tabatabaie, A.M., and E.J. Barenberg. (1980). “Structural Analysis of Concrete Pavement 
Systems,” Transportation Engineering Journal, Volume 106, Issue 5, pp. 493-506.  
Taylor, H.F.W. (1997). Cement Chemistry. 2nd Edition, Thomas Telford: London.  
Till, R.D., and R. VanPortfliet. (1992). European Concrete Pavement Tour, Report No. R-
1462, Michigan Department of Transportation, Lansing, Michigan.  
Tompkins, D., L. Khazanovich, and M.I. Darter. (2010). 2008 Survey of European 
Composite Pavements, Report No. S2-R21-RW-1, Strategic Highway Research 
Program, Transportation Research Board, Washington DC, 61 p.  
Wade, M.J., G.D. Cuttell, J.M. Vandenbossche, H.T. Yu, K.D. Smith, and M.B. Snyder. 
(1997). Performance of Concrete Pavements Containing Recycled Concrete 
Aggregate. Report No. FHWA-RD-96-164, University of Minnesota, Federal Highway 
Administration, McLean, Virginia. 
Wojakowski, J. (1998). High Performance Concrete Pavement. Report No. FHWA-KS-98/2, 
Kansas Department of Transportation, Topeka, 36 p.  
Yrjanson, W.A. (1989). “Recycling of Portland Cement Concrete Pavements,” Synthesis of 
Highway Practice 154, National Cooperative Highway Research Program, 
Transportation Research Board, Washington DC. 
 
  
76 
 
APPENDIX A: SLAB CORNER DEFLECTION DATA FOR THE 
BACKCALCULATION OF THE K-VALUES 
 
This appendix contains the corner deflection data from the slab testing as used in the k-
value backcalculation with ILSL2. The two corner deflections and the average deflection are 
shown in Figure A1 to Figure A16. It can be noted that not all corner deflections were similar 
and could be successfully used in the analysis with ILSL2. In addition, all plots show the 
deflections up to the peak flexural load, because the post-peak deflection data is not needed 
and is often noisy and variable.   
 
 
Figure A1: Front corner deflections for Slab 1 (two-lift, virgin over 45% FRAP). 
 
 
Figure A2: Front corner deflections for Slab 2 (two-lift, virgin over 45% FRAP). 
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Figure A3: Front corner deflections for Slab 3 (full-depth, 45% FRAP). 
 
 
Figure A4: Front corner deflections for Slab 4 (full-depth, 45% FRAP). 
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Figure A5: Front corner deflections for Slab 5 (two-lift, virgin over 45% FRAP with fibers). Note: 
Peak load was at 99.0 kN, and ultimate load was at 148.6 kN. 
 
 
Figure A6: Front corner deflections for Slab 6 (two-lift, virgin over 45% FRAP with fibers). Note: 
Peak load was at 120.1 kN, and ultimate load was at 153.6 kN. 
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Figure A7. Front corner deflections for Slab 7 (full-depth, 100% RCA). 
 
 
Figure A8. Front corner deflections for Slab 8 (full-depth, 100% RCA). 
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Figure A9: Front corner deflections for Slab 9 (two-lift, virgin over 100% RCA). 
 
 
Figure A10: Front corner deflections for Slab 10 (two-lift, virgin over 100% RCA). 
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Figure A11: Front corner deflections for Slab 11 (full-depth, 45-55% FRAP-RCA). 
 
 
Figure A12: Front corner deflections for Slab 12 (full-depth, 45-55% FRAP-RCA). 
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Figure A13: Front corner deflections for Slab 13 (two-lift, virgin over 45-55% FRAP-RCA). 
 
 
Figure A14: Front corner deflections for Slab 14 (two-lift, virgin over 45-55% FRAP-RCA). 
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Figure A15: Front corner deflections for Slab 15 (full-depth, virgin). 
 
 
Figure A16: Front corner deflections for Slab 16 (full-depth, virgin). 
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APPENDIX B: RECOMMENDATIONS FOR THE USE OF GREY 
WATER IN CONCRETE 
 
There have not been a significant number of studies on using grey water in concrete. In 
this context and analysis, grey water is considered to be only the recycled water at concrete 
batch plants, otherwise also referred to as washout water. This type of grey water is 
characterized as having higher pH (11 to 12), higher alkalinity, and higher total-solids content 
(Parker and Slimak 1977; Sealey et al. 2001). Concrete ready-mix plants are required to 
dispose of the grey water in an environmentally friendly manner, with one main solution being 
the treatment of grey water so that it can meet concrete mix water requirements (Chini and 
Mbwambo 1996). With sustainable solutions being a high priority in the construction sector, grey 
water can be treated for the removal of solids and organic material prior to replacing partially the 
mixing water in new concrete (Van Dam et al. 2011). Parker and Slimak (1977) estimated that a 
plant that produces 100 yd3 of concrete per day will have 10,300 lb of grey water, which comes 
from truck washout, truck wash-off, central mixer washing, and about 1% returned concrete. 
Washing out a single truck can require up to 3,000 L (790 gal.) of water (ERMCO 2006). One 
survey found that plants that do not have a recycling operation produced 10 to 60 gal. of grey 
water (average 20 gal.) per yd3 of concrete production while plants that do have a recycling 
operation produced 0 to 15 gal. of grey water (average 5 gal.) per yd3 of concrete production 
(Meininger 1973). Thus concrete batch plants create and have to treat and dispose of a 
significant amount of wastewater. This appendix will review the existing literature and propose 
recommendations on the use of grey water in concrete applications. A summary of the literature 
review and findings can be found in Table B1.   
The earliest works on concrete mixing-water impurities was performed by Abrams 
(1924), who tested a number of water samples including numerous potable waters, distilled 
water, sea water, alkali water, bog water, mine and mineral water, sewage water, industrial 
wastewater, and salt solution. In general, the results showed acceptable strengths, mainly 
because the impurity levels were relatively low. The mixing water was considered unsatisfactory 
when the strength of the concrete or mortar dropped below 85% of the control strength. Sulfate-
containing waters had little to no effect up to 1% (10,000 ppm). Some freshwater samples were 
identified as being alkaline and had total solids contents as high as 12,100 ppm, but the 
resultant strengths at all ages (up to > 2 years) never decreased below 90% of the control 
strength. 
Although the work by Abrams did not explicitly test grey water from concrete production, 
the results on sulfate and, particularly, alkaline water provide some insight. Knowing that grey 
water is highly alkaline, Abrams’ results confirm that alkaline solutions may be suitable for 
concrete, even if the grey water has a high total solids content.  
 
B1. LITERATURE REVIEW 
A study by Borger et al. (1994) simulated washout water by making it in the laboratory 
and found that “younger” grey water resulted in higher mortar compressive strengths. Sulfate 
attack was not found to be problematic with grey water; rather, the mortar bar expansion for 
mixes with grey water was less than the control. However, grey water could reduce the 
workability and may affect (increase or decrease) the setting time.  
 There has also been some research into “sludge water” from ready-mix plants 
(Chatveera et al. 2006; Chatveera and Lertwattanaruk 2009), which (based on the authors’ 
descriptions) seems to be grey water with a higher solids content. It was found that as the 
percentage replacement of mixing water with grey water increases: the concrete slump 
decreases, the unit weight increases, the setting time is delayed, the compressive and flexural 
strengths decrease, the modulus of elasticity decreases, the water permeability increases, the 
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shrinkage increases, and mass loss due to acid attack increases. However, this study found that 
the negative effects of grey water could be offset by using fly ash and/or a superplasticizer.  
A study by Chini et al. (2001) examined a number of grey water samples from concrete 
batch plants in Florida and found a significant variation in the water properties between different 
plants and between different days at the same plant. The study also considered using grey 
water as mixing water and as water to saturate the aggregates. The grey water had variable 
effects on the setting time, but the variation was within the required range. The study found that 
the use of grey water increased the compressive strength, but other results were dependent on 
the aggregate type. The flexural strength either increased (north Florida limestone) or 
decreased (south and central Florida limestone) with grey water. In testing the rapid chloride 
penetration of the concrete, it was found that the mixes with grey water had the same ratings as 
the control mixes. The drying shrinkage revealed that the grey water can increase (central and 
north Florida limestone) or decrease (south Florida limestone) the shrinkage. Using an 
impressed current method to determine corrosion resistance, samples with grey water showed 
earlier times to failure.  
  Ekolu and Dawneerangen (2010) investigated concretes with various grey water 
replacements, along with the effect of using 50% ground granulated blast furnace slag versus 
straight cement mixes. Overall, the concrete slump slightly decreased with grey water. The 
setting times did not appear to be significantly influenced by the grey water. There was no 
particular trend or significant effect of grey water on the concrete compressive strength, 
although the grey water increased the compressive strength of mortar mixes. There was no 
significant effect of grey water on the air permeability of the concrete mixes.  
Elchalakani and Elgaali (2012) examined different wastewater sources, one of which 
was from concrete batch plants, in addition to using recycled concrete aggregates. The results 
indicated a reduction in the compressive strength, but the reduction was within the 90% limit, 
and the reduction in strength was not as significant at higher contents of blast furnace slag, 
which the authors suggested may be from the activation of the slag by the alkaline grey water. 
Durability and flexural strength tests were also conducted, but it is unclear whether concrete 
grey water or treated sewage water was used in the testing.  
Low et al. (2007) examined four different types of grey waters that had increasing 
amounts of solids content, as evaluated by the turbidity of the water. The results indicated that 
as the solids content increases, the setting time accelerates, and the time difference is outside 
of the ASTM C1602 limit at higher solids contents. The slump loss was greater for grey waters 
with higher solids contents. The effect on the compressive strength was comparable to the 
control at all solids contents, with results ranging from 97 to 107% of the control strength. There 
was no significant effect of the grey water on the drying shrinkage.  
The National Ready Mixed Concrete Association (NRMCA) conducted a study to 
determine what the effects were of grey water with higher solids contents at different ages (Lobo 
and Mullings 2003). Three simulated grey waters were tested: clarified grey water (the “clear” 
water was siphoned off the top) and grey water with 15, 30, 45, and 60 lb/yd3 of solid material 
(which corresponds to the maximum ASTM C16022 solids content limit, double the limit, triple 
the limit, and quadruple the limit). As the age of the grey water increased (4 hours to 9 days, in 
some cases), the differences in the solids content became more evident, with the compressive 
strengths relatively similar at early ages but very different at later ages. The grey water did not 
have a significant effect on the freeze/thaw durability (all samples had a durability factor > 90 
after > 600 cycles). The data on the graphs indicate that grey water with twice the maximum 
limit for solids content may achieve 90% of the control compressive strength, even with aged 
grey water.  
                                               
2 ASTM C94 used to specify the limits for mixing water for ready-mix concrete, but the limits are now 
specified instead in ASTM C1602 
86 
 
Lobo and Mullings (2003) also report on a study conducted at the University of Toronto 
in which mixes were tested with different solids contents at roughly 0, 1.1, 2.3, and 4.5 times the 
ASTM C1602 maximum limit. The results indicated a reduction in slump and a faster setting 
time. The compressive strengths were relatively similar for all mixes, as was the charged 
passed in the rapid chloride penetration test. Laboratory tests under harsher conditions resulted 
in greater salt scaling for the grey water mixes with higher solids contents, while field slabs did 
not present increased scaling.  
The results of two studies with grey water were published in NRMCA technical letters 
(Meiniger 1973; Ullmann 1973). Ullmann tested 24 concretes with grey water, compared to 25 
concretes with normal water, and found a slight increase in the average compressive strength 
for the grey water concrete; but the averages were not statistically different. The concrete slump 
and air content averages were roughly the same, as was the required air-entrainment dosage. 
The study by Meininger examined three water types: normal tap water, simulated clarified wash 
water (made in the laboratory), and agitated slurry water taken from washing a batch of 
concrete. The amount of air-entraining admixture needed for a mortar was found to be greatest 
when slurry grey water was used, and less admixture was required if the clarified grey water 
already contained some of the admixture. Concrete was also batched with normal tap water, 
simulated clarified grey water, and two slurry grey waters (one with 8 lb/yd3 of solids and the 
other with 16 lb/yd3). The results indicated that the shrinkage increased and the compressive 
strength decreased as the solids content of the water increased. Only the slurry water with 16 
lb/yd3 of solids was below the 90% compressive strength requirement.  
A report in New Zealand by Park and Chisholm (1996) examined replacing different grey 
water contents for three different design-strength concretes (low, normal, and high-strength). 
The air content, slump, and unit weight of the fresh concrete did not appear to be significantly 
affected by the grey water content. In general, as the grey water content increased, the 
compressive strength decreased. For the normal and high-strength concretes, the reduction in 
compressive strength did not meet the 90% control limit at 7 days. For the high-strength 
concrete, rapid chloride penetration tests revealed that as the grey water content increases, so 
does the amount of charge passed, although the increase was not considered to be significant. 
The effect on drying shrinkage was not found to be significant.  
A study of grey water in concrete was performed in Germany by Rickert and Grube 
(2003). Normal-strength, high-strength, and air-entrained concretes were produced with two 
artificial grey water types, which had different solids contents and chemical admixtures. Plain 
cement and cement blended with blast furnace slag were used. The effect of the age (3 to 72 
hours) of the grey water was also investigated. It was found that the chemical admixtures in the 
grey water were adsorbed by the cement particles in the water; 85% or more was adsorbed 
after 3 hours, and nearly 100% was adsorbed after 24 hours. Older grey water (72 hours) 
reduced the slump, compared to younger (3 hours) grey water. The grey water did not 
significantly affect the compressive strength and modulus of elasticity of normal-strength 
concrete, but the strength of the high-strength concrete was slightly reduced by the grey water. 
The compressive strength and modulus of the concrete with plain cement was found to be 
higher than the concrete with cement and slag. The shrinkage, creep, freeze/thaw durability, 
and carbonation resistance were also not significantly affected by the grey water. A suitable air 
void system was produced in the air-entrained concrete with grey water, so the freeze/thaw 
durability and salt scaling resistance were not affected.  
Testing wash water from a concrete plant, Šelih et al. (2003) found that, for roughly the 
same water to cement ratio, the slump and air content decrease and the unit weight increases 
relative to the control. The concrete compressive strength was higher at 3, 7, and 28 days for 
the grey water concrete versus the control. The use of grey water also reduced the depth of 
water penetration. Shrinkage was also measured, and it was found that the grey water concrete 
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had slightly higher shrinkage up to 30 days and then had lower shrinkage at later ages relative 
to the control.  
Sandrolini and Franzoni (2001) took samples from the same settlement tank on different 
days at different times while the tank was being stirred, and three of these samples were used 
to make concrete, and four samples were used for mortar. The concrete slump was reduced 
slightly, relative to the control mixes. After 7 days, the average compressive strength of the grey 
water mixes was marginally higher than the control but was lower after 28 days (96.5% of the 
control). The use of grey water was found to reduce the concrete water absorption. The mortar 
samples with grey water also exhibited lower strengths (compression and flexural) but the 
strength was still within 90% of the control strength. The mortar with a high solids content grey 
water (20% solids by volume) exhibited the lowest flexural strength at 28 days. The study also 
examined the microporosity of the mortar samples and found that the mixes with grey water 
typically had a lower porosity versus the control, which the authors argued was due to the solids 
in the grey water acting as filler material.  
Su et al. (2002) made mortar and concrete samples using grey water from different 
locations in a 6-m deep sedimentation tank: top (0.5 m below surface), middle (3 m below 
surface), and bottom (5 m below surface). The authors also used a ternary blend of 
cementitious materials (cement, ground granulated blast furnace slag, and fly ash) for the 
concrete. The setting times of the mortars were somewhat variable but still within the specified 
allowable range. Similarly, the compressive strengths of the mortars were variable with grey 
water location (top, middle, bottom); but at 28 days, all mixes were within 92 to 93% of the 
control. There was a minimal effect of grey water on the concrete slump, although the bottom 
grey water appeared to reduce the slump slightly more than the top or middle water. 
Additionally, the unit weight was increased slightly, and the air content was unaffected. In 
general, it was found that the compressive strength of the concrete increased with depth of grey 
water (bottom water resulted in the greatest increase in strength). The authors attributed the 
increase in strength to the accelerated hydration of the slag and fly ash from the alkaline grey 
water.  
Tran (2007) conducted a significant amount of testing using grey water to mix a lower-
strength concrete (25 MPa, 3,600 psi) and a higher-strength concrete (35 MPa, 5,100 psi). The 
setting times appeared to be slightly faster (~30 minutes) for grey water, but still within the 
specified limits. The air content for mortar mixes with grey water was marginally less than the 
control. The compressive strength was higher for the low-strength mixes with grey water and 
somewhat variable for the higher-strength concrete but still within the 90% limit. At 56 days, the 
flexural strength was lower for the grey water concretes. The concretes with grey water 
exhibited lower resistance to salt scaling. Corrosion testing revealed that the grey water did not 
negatively affect the macro-cell corrosion rate or the mirco-cell corrosion current density of 
steel.   
Tsimas and Zervaki (2011) made concrete using grey water from the second and third 
settlement tanks at a concrete ready-mix plant. The results showed that the slump is not 
significantly affected by grey water from either settlement tank. Without the use of any 
admixtures, the compressive strength from the second tank grey water was slightly lower (< 5%) 
than the control mix, while the third tank grey water resulted in a higher strength. With the use of 
a retarder and superplasticizer, the grey water from both tanks yielded higher compressive 
strengths versus the control. In examining plain cement pastes, the setting time was relatively 
unaffected by the grey water.  
Wasserman (2011) took samples from the top of a settlement pond to be used in 
concrete testing. In general, the grey water concrete resulted in a higher compressive strength 
versus the control for two different mix designs, with an analysis of variance revealing that the 
compressive strengths were statistically different between the two water sources.  
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Zervaki et al. (2013) examined different forms of grey water, including water directly from 
truck washout, filtered grey water, grey water neutralized with hydrochloric acid, and grey water 
that had been both filtered and neutralized. Testing mortar samples, the authors found that as 
the solids content increased, the flow of the mortar decreased (i.e., filtered grey water had 
greater flow than grey water directly from truck washout). For all grey waters, both treated and 
untreated, the compressive strengths were higher than the control at 2, 7, and 28 days. The 
filtered grey water had lower compressive strengths than the grey water directly from truck 
washout, but the highest strengths overall were achieved by the neutralized grey water. The 
authors argue that the addition of the chloride ions from the neutralizing acid may have had an 
accelerating effect on the mortar, thus increasing the measured strengths.  
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Table B1: Literature summary of grey water properties and effects. 
Reference 
Grey Water Properties 
Replacement 
Percentages 
Effect on Hardened 
Concrete or Mortar 
Properties pH 
Chloride 
ions 
Sulfate 
ions 
Alkalinity 
(Na2O+ 
0.658K2O) 
Total 
solids 
content 
Borger et al. 
(1994) – – – – – 
0, 100% grey 
water 
-Increase compressive 
strength (younger grey 
water) 
-Decrease 
compressive strength 
(older grey water), 
expansion from sulfate 
attack 
Chatveera et  
al. (2006) 12 25 ppm 
12.7 
ppm – 
63,400 
ppm 
0, 10, 20, 30, 
40, 60, 80, 
100% grey 
water 
-Decreases 
compressive and 
flexural strengths and 
modulus 
-Increases shrinkage 
and acid attack mass 
loss 
Chatveera and 
Lertwattanaruk 
(2009) 
12.8 18.5 ppm 14.0 ppm 515 ppm 
Up to 
150,000 
ppm 
0.5, 2.5, 7.5, 
10, 12.5, 15% 
total solids 
content 
-Decreases 
compressive strength 
-Increases water 
permeability and acid 
attack mass loss 
Chini et al. 
(2001)* – 
Range 
27–82 
ppm 
– 
Range 
138–709 
ppm 
Range 
380–
2400 
ppm 
0, 100% grey 
water 
-Increases 
compressive strength 
-Decreases corrosion 
resistance 
-Flexural strength 
variable 
-Rapid chloride 
penetration rating the 
same 
Ekolu and 
Dawneerangen 
(2010)  
12.11 45.36 mg/L 
27.27 
mg/L 
~57.6 
mg/L 
1,991 
mg/L 
0, 30, 50, 
100% grey 
water 
-Increase compressive 
strength (mortar) 
-No significant effect 
on compressive 
strength (concrete) or 
air permeability 
Elchalakani 
and Elgaali 
(2012) 
12.1 85 ppm 32 ppm – 1826 ppm 
0, 25, 50, 75, 
100% grey 
water 
-Decrease 
compressive strength  
Lobo and 
Mullings 
(2003) 
– – – – 
50,000–
200,000 
ppm 
0, 100% grey 
water 
-Decrease 
compressive strength 
(later ages of grey 
water) 
-No significant effect 
on compressive 
strength (early ages of 
grey water) or 
freeze/thaw durability 
Low et al. 
(2007) – – – – 
0– 
~70,000 
ppm 
0, 100% grey 
water 
-No significant effect 
on compressive 
strength, shrinkage 
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Table B1 (continued): Literature summary of grey water properties and effects. 
Reference 
Grey Water Properties 
Replacement 
Percentages 
Effect on 
Hardened 
Concrete or 
Mortar Properties 
pH Chloride ions 
Sulfate 
ions 
Alkalinity 
(Na2O+ 
0.658K2O) 
Total 
Solids 
Content 
University of 
Toronto 
Study 
(reported in 
Lobo and 
Mullings 
2003) 
– – – – 
56,700–
223,300 
ppm 
0, 100% grey 
water 
-Possible increase 
in salt scaling 
-No significant 
effect on 
compressive 
strength or 
permeability (rapid 
chloride penetration 
test) 
Meiniger 
(1973) – – – – 
3000C, 
100,000S 
ppm 
0, 10, 20 
gal./yd3 
-Increase shrinkage 
-Decrease 
compressive 
strength 
Park and 
Chisholm 
(1996) 
12.5 50 mg/L 74 mg/L ~98 mg/L 
~235,00
0 ppm 
0, 30, 50, 
100% grey 
water 
-Decrease 
compressive 
strength 
-Increase charge 
passed by RCPT 
(not considered 
significant) 
-No significant 
effect on shrinkage 
Rickert and 
Grube (2003) 
Range 
12.6–
13.3 
– 
Range 
Negligi
ble–
1217 
mg/L 
Range 
Negligible–
360 mg/L 
120,000 
and 
210,000 
ppm 
20:1, 10:1 
grey water to 
normal water, 
plus control 
Decrease 
compressive 
strength (high-
strength concrete) 
-No effect on 
compressive 
strength, modulus 
of elasticity 
(normal-strength 
concrete) 
-No effect on 
shrinkage, creep, 
freeze/thaw 
durability, and 
carbonation 
resistance 
Sandrolini 
and Franzoni 
(2001)** 
Range 
13–
13.5 
Range 
5.3–29.3 
mg/L 
Range 
198.9–
703.6 
mg/L 
– 
5.0–20.0 
Volume 
Percent 
(~50,000
–
200,000 
ppm) 
0, 100% grey 
water 
-Increase 
compressive 
strength (7 days) 
-Decrease 
compressive 
strength (28 days), 
flexural strength, 
water absorption, 
porosity 
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Table B1 (continued): Literature summary of grey water properties and effects. 
Reference 
Grey Water Properties 
Replacement 
Percentages 
Effect on Hardened 
Concrete or Mortar 
Properties pH 
Chloride 
ions 
Sulfate 
ions 
Alkalinity 
(Na2O+ 
0.658K2O) 
Total 
Solids 
Content 
Šelih et al. 
(2003) 11.42 
6.91 
mg/L 
10.70 
mg/L – 
57,000 
mg/L 
0, 100% grey 
water 
-Increase 
compressive 
strength, shrinkage 
(at early ages), salt 
scaling mass loss 
-Decrease depth of 
water penetration, 
shrinkage (at later 
ages) 
Su et al. 
(2002) 
11.2T 
11.9M 
11.8B 
13.48T 
14.73M 
20.8B 
ppm 
210T 
235M 
203B 
ppm 
– 
1,530T 
3,930M 
7,130B 
ppm 
0, 100% grey 
water 
-Increase 
compressive strength 
(concrete) 
-Decrease 
compressive strength 
(mortar) 
Tran (2007) 12.4 178 mg/L 
1275 
mg/L 875 mg/L 
5,730 
mg/L 
0, 100% grey 
water 
-Increase 
compressive strength 
(low-strength 
concrete) 
-Decrease flexural 
strength 
-Variable 
compressive strength 
(high-strength 
concrete) 
-No effect on macro- 
or mirco-cell 
corrosion  
Tsimas and 
Zervaki 
(2011) 
12.211 
11.962 
1951,2 
ppm 
1,4521 
1,2852 
ppm 
71.81  
75.42   
ppm 
1,4801 
1,3002 
ppm 
0, 100% grey 
water 
-Increase 
compressive strength 
(with chemical 
admixtures) 
Ullmann 
(1973) – – – – 
4,600 
ppm 
0, 100% grey 
water 
-Increase 
compressive strength 
but not statistically 
different 
Wasserman 
(2011) 12.48 – – – 
2,706 
mg/L 
0, 100% grey 
water 
-Increase 
compressive strength 
Zervaki et 
al. (2013) – – – – – 
0, 100% grey 
water 
-Increase 
compressive strength 
*Examined samples from multiple sites; **Examined multiple samples from same tank at different times 
1Grey water from the second settlement tank; 2Grey water from the third settlement tank 
TTop of settlement tank; MMiddle of settlement tank; BBottom of settlement tank 
CClarified grey water; SSlurry water 
 
A multivariate analysis was performed by McCarthy et al. (2008) on the grey water 
quality and concrete compressive strength from three concrete plants. The authors concluded 
that the water quality did not significantly affect the compressive strength, provided that the 
water was within the specified limits (pH > 5, chloride ions < 500 ppm, sulfate ions < 3,000 ppm, 
and total dissolved solids < 3,000 mg/L).  
One recent report compared the mixing-water criteria from various organizations and 
found that not all specifications have similar limits (CCAA 2007). However, all surveyed 
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specifications stated that mixes with grey water must have an average compressive strength 
that is at least 90% of the control mix with potable water at 7 and/or 28 days. If grey water from 
concrete ready-mix plants is used, then it is suggested that the water should be within the 
specifications for the given country’s requirements and that process control be implemented to 
better control the water quality.  
A study by Zervaki et al. (2013) revealed that, in Europe, when grey water is used, 
nearly 94.4% of grey water is used directly in the production of new concrete (the other 5.6% of 
grey water is treated to reduce the pH). Besides concrete production, about 11.1% of 
Europeans use grey water for other purposes, such as washing the trucks and pumps. All 
respondents to the survey did not use the solids (sludge) that settle to the bottom of the tanks.  
 
B2. DISCUSSION OF LITERATURE RESULTS 
 Requirements for concrete mixing water were formerly included in ASTM C94 (2012), 
which is the specification for ready-mix concrete but are now stated in ASTM C1602 (2012), 
which is the specification for mixing water. The history of how ASTM C94 originally included the 
allowance of grey water in concrete is provided by Lobo and Mullings (2003). Environmental 
regulations in California in the 1970s forced the need to start using grey water, so after years of 
testing, the criteria were developed and incorporated into ASTM C94 in 1978. However, despite 
the allowance of grey water by ASTM, state agencies typically do not; or if they do, then the 
criteria are typically stricter than the ASTM specification. Somewhat recently, the mixing-water 
specification was removed from ASTM C94 and incorporated in the ASTM C1602 specification.  
 The results by Lobo and Mullings (2003) demonstrated that clarified water (little solids 
content) can have compressive strength results similar to the control. However, higher solids 
contents (up to four times the ASTM C1602 limit) significantly reduced the compressive 
strength, particularly when the grey water was aged for multiple days, but grey water with twice 
the maximum limit for solids content appeared to still meet the 90% control compressive 
strength specification. Other studies with higher solids contents also found reductions in 
compressive strength and/or flexural strength (Meininger 1973; Park and Chisholm 1996; 
Sandrolini and Franzoni 2001; Chatveera et al. 2006; Chatveera and Lertwattanaruk 2009). 
Higher solids contents have also shown reductions in modulus of elasticity, as well as increased 
shrinkage and water permeability (Meininger 1973; Chatveera et al. 2006; Chatveera and 
Lertwattanaruk 2009). Conversely, Šelih et al. (2003) also tested grey water with a higher solids 
content and found an increased in compressive strength and a slight decrease in shrinkage at 
later ages, while the studies by the University of Toronto (Lobo and Mullings 2003), by Low et 
al. (2007), and by Rickert and Grube (2003) showed no effect on the compressive strength. 
Another complication with high solids contents is the potential for clogging the plumbing system 
at the plant (Monroe 1973). The results from Zervaki et al. (2013) showed that filtering the grey 
water may actually reduce the strength relative to unfiltered grey water and that neutralizing the 
grey water with hydrochloric acid may improve the strength further yet (but this may be 
dangerous because of the significant increase in chloride ion concentration). With adequate air 
entrainment, results indicate that freeze/thaw durability is not an issue, even with higher solids 
contents (Lobo and Mullings 2003; Rickert and Grube 2003); laboratory testing at the University 
of Toronto, however, reveled greater salt scaling for grey water with higher solids contents 
(Lobo and Mullings 2003). The results from Tran (2007) also showed that mass loss due to salt 
scaling may be an issue with grey water.  
 A summary of the literature findings with respect to the ASTM C1602 limits is shown in 
Table B2. The studies that tested for chloride and sulfate ions and alkalinity found that the levels 
were typically well below the required limit. In general, the total solids content was also below 
the limit, unless the study was explicitly studying sludge water or higher-content grey water. 
Despite the higher solids content, the results still often met the 90% compressive strength 
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requirement, although extremely high contents reduced the strength to levels not acceptable by 
the 90% strength requirement. In general, setting time did not appear to be problematic with 
grey water.  
 Lobo and Mullings (2003) provide information on quality-control procedures when using 
grey water at concrete batch plants. To conform to the ASTM C1602 specification, the 
compressive strength and setting time limits should be met. Blending of grey water with potable 
water is to meet the total solids content limit is typically done based on the density of the water, 
because the 50,000 ppm solids content limit corresponds to a density of about 1.03 g/mL. 
Therefore the recommended method is to correlate measurements of solids content to density 
to determine the density of the water on a given day based on the solids content (which can be 
easily measured by microwave evaporation of the water).   
One issue to be cautious of is the variability in the properties of the grey water from 
different ready-mix plants. Examining samples of grey water from plants in northern, central, 
and southern Taiwan, Su et al. (2002) found that the water at the top of the sedimentation tank 
can have large variability in pH (12.0–12.7), chloride ion concentration (2.87–27.7 ppm), sulfate 
ion concentration (6.98–22.9 ppm), and total solids content (550–2,890 ppm). The variability in 
pH and chloride and sulfate ion concentrations was similar also for the middle and bottom of the 
sedimentation tanks, but the total solids content was found to have significantly more variation 
at the bottom of the tank (range 1,460-11,050 ppm). Variability in grey water (from ready-mix 
concrete plants) properties was also noted by Rickert and Grube (2000), who noted solids 
contents ranging from 2.3 to 24.8% (23,000 to 248,000 ppm), pH ranging from 12.7 to 13.4, 
chloride ion contents ranging from 6.2 to 55.4 mg/L, and sulfate ion contents ranging from 
negligible to 9.5 mg/L. The range of values was narrower for artificial grey waters manufactured 
in the laboratory.   
 The hydration reaction of fly ash requires calcium hydroxide (Mindess et al. 2003), so 
there is potential for faster hydration with the use of grey water due to the higher quantity of 
calcium and hydroxide ions in solution. This hypothesis is supported by the studies that found a 
higher compressive strength (compared to control) when fly ash was used (Chatveera and 
Lertwattanaruk 2009). Similarly, ground granulated blast furnace slag is activated by alkaline 
(high-pH) solutions (Mindess et al. 2003); and as grey water has been consistently shown to 
have a high pH, there is potential for faster reaction of slag, as was suggested as an 
explanation for some results by Elchalakani and Elgaali (2012). Using a ternary blend concrete 
with cement, fly ash, and slag, Su et al. (2002) attributed the high early strength gain to the 
activation of fly ash and slag with grey water.  
 
  
94 
 
Table B2: Summary of literature review findings related to ASTM C1602. 
 
Do Grey Water Properties Meet ASTM C1602? Did the 
Compressive 
Strength Meet the 
Requirement? 
Did the Setting 
Time Meet the 
Requirement? 
Chloride 
ions 
Sulfate 
ions 
Alkalinity 
(Na2O+ 
0.658K2O) 
Total solids 
content 
ASTM C1602 
Limits 500 ppm 
3,000 
ppm 600 ppm 50,000 ppm 
>90% of Control at 7 
Days 
–1 to +1.5 
Hours from 
Control 
Borger et al. (1994) – – – – 
Yes (only for 
younger-aged grey 
water) 
Yes 
Chatveera et al. 
(2006)* Yes Yes – No 
Yes* (only up to ~80% 
grey water) – 
Chatveera and 
Lertwattanaruk 
(2009)** 
Yes Yes Yes Yes/No** 
Yes (only up to 
~60,000 ppm total-
solids content) 
Yes (only up to 
~60,000 ppm 
total-solids 
content) 
Chini et al. (2001) Yes Yes Yes Yes Yes Yes 
Ekolu and 
Dawneerangen 
(2010)  
Yes Yes Yes Yes Yes Yes 
Elchalakani and 
Elgaali (2012) Yes Yes – Yes Yes – 
Lobo and Mullings 
(2003) – – – No 
Yes (only mixes with 
lower solids contents 
and/or younger-aged 
grey water) 
Yes (especially 
for younger-
aged grey 
water) 
University of 
Toronto Study 
(reported in Lobo 
and Mullings 2003) 
– – – No Yes 
Yes (only for 
mixes with 
solids contents 
less than 
~55,000 ppm) 
Low et al. (2007)*** – – – Yes/No*** Yes 
Yes (only for 
mixes with 
solids contents 
less than 
~60,000 ppm) 
Meininger (1973)**** – – – Yes/No**** 
Yes (only for mixes 
with solids contents 
below 8 lb/yd3) 
– 
Park and Chisholm 
(1996) Yes Yes Yes No 
Yes (only for low-
strength concrete) – 
Rickert and Grube 
(2003) Yes Yes Yes No Yes – 
Sandrolini and 
Franzoni (2001)***** Yes Yes – Yes/No
***** Yes – 
Šelih et al. (2003) Yes Yes – No Yes – 
Su et al. (2002) Yes Yes – Yes Yes Yes 
Tran (2007) Yes Yes No Yes Yes Yes 
Tsimas and Zervaki 
(2011) Yes Yes Yes Yes Yes Yes 
Ullmann (1973) – – – Yes Yes – 
Wasserman (2011) – – – Yes Yes – 
Zervaki et al. (2013) – – – – Yes – 
*At 7 days, w/c = 0.5, values read from a graph appeared to meet limit up to 80% grey water, which corresponds to a 
total-solids content of ~50,700 ppm; **Varied total-solids content in grey water; some tests had solids contents within 
the limit; 
***Some samples had solids contents greater than 50,000 ppm; ****Clarified grey water met requirement; slurry water did 
not; *****Examined multiple samples; some samples met the specification but most were over the limit 
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B3. RECOMMENDATIONS 
Overall, the published literature overwhelmingly suggests that grey water is a viable 
option for use in concrete applications, especially for pavements. The ASTM C1602 limits 
appear to be important, although not necessarily critical, as a number of studies showed 
promising results despite higher solids content. However, because other studies found negative 
impacts of higher solids contents, it is recommended that the grey water be used when the 
solids content is below the limit of 50,000 ppm. Chloride and sulfate ions are important, because 
there is an increased risk of premature failure at high contents, but the overall findings of the 
literature suggests that that these levels are typically significantly lower than the allowable limit, 
unless the grey water had been treated with hydrochloric or sulfuric acid. Provided that the ions 
are within the specified limit, the chloride and sulfate should not be problematic. Thus the 
general conclusion of this literature survey is that grey water can be useful and potentially 
beneficial in concrete applications and can be used effectively when the limits in ASTM C1602 
are satisfied. In addition, some evidence suggests that grey water in combination with fly ash 
and/or slag could result in faster hydration reactions and therefore quicker strength gain. But 
prior to using grey water in paving concrete, the ASTM C1602 strength limit (> 90% of the 
control) should still be tested and verified.  
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APPENDIX C: RECYCLED TIRE CORD STEEL IN CONCRETE 
 
C1. INTRODUCTION 
Fiber-reinforced concrete mixes are becoming more common in concrete pavement 
applications, as research shows their increased load capacity and post-peak capacity when 
compared to plain concrete mixes. Fibers are produced with a variety of materials, including 
polypropylene, polyethylene, fiberglass, and steel. In terms of sustainability, fiber design and 
production has not seen much progress, but there have been several studies that examined 
natural fibers such as fique, coconut, kenaf, and sisal (Moraño et al. 2005; Silva et al. 2009; 
Elsaid et al. 2011; Ramli et al. 2013). However, these fibers are naturally occurring and may not 
always be from a recycled or by-product source or readily available everywhere. 
Incorporating recycled tire cord steel into concrete is not a relatively new concept. In the 
1980s, one study examined the use of tire cord steel in shotcrete applications (Ramakrishnan et 
al. 1981), and a patent for using tire cord for reinforcing pavements was issued (Fahey 1985, 
U.S. Patent #4,556,338), although this patent specifically referred to using a mat of tire cord and 
not discrete fibers. Several studies have been conducted on the effects of tire cord steel in 
concrete and have shown excellent results (Wang et al. 2000; Pilakoutas et al. 2004; Neocleous 
et al. 2006; Centonze et al. 2012; Graeff et al. 2012). Recycled tire cord steel can effectively be 
added in quantities up to 6% by weight of concrete. However, at higher percentages, the fibers 
begin to become entangled and form fiber balls within the fresh concrete. A summary of the 
effects of tire cord steel fibers on concrete properties is shown in Table C1. 
 
Table C1: Literature survey of effects of tire cord steel in concrete. 
Property Change Compared to PCC Reference 
Compression 
Strength Increased Centonze et al. 2012 
Modulus of 
Elasticity Slightly Increased Neocleous et al. 2006 
Tensile Strength Increased Neocleous et al. 2006 
Free Shrinkage 
Strain Decreased Wang et al. 2000 
 
C2. EXPERIMENTAL DESIGN AND RESULTS 
Based on the recent, promising findings regarding the use of recycled tire cord steel, a 
small exploratory project was started to advance the understanding of the behavior of the fibers. 
The fibers used in the study were approximately 25 mm long and generally had pieces of tire 
rubber still attached. The mix design and fresh concrete properties are shown below in Table 
C2. It should be noted that severe clumping occurred during mixing, and several large clumps 
had to be removed from the mix, thus altering the resulting fiber dosage. The specimens were 
used to compare the fracture properties of the fiber-reinforced concrete (FRC) to ordinary 
Portland cement concrete (PCC). The disk-shaped compact tension (DCT) geometry was used 
to carry out the fracture tests. 
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Table C2: Mix design and fresh concrete properties. 
 PCC 
(lb/yd3) 
FRC 
(lb/yd3) 
Portland Cement 600 600 
Water 252 252 
Coarse Aggregate (CA-07) 1,860 1,860 
Fine Aggregate (FA-02) 1,280 1,280 
Steel Tire Cord 0 65 
Fresh Properties 
Measured Slump 3.25 in. 3.0 in. 
Measured Unit Weight 150 lb/ft3 151 lb/ft3 
Measured Air Content 2.5% 3.0% 
  
A 150 mm x 300 mm cylindrical concrete specimen was cut into 50-mm thick discs with 
the geometry shown below in Figure C1 and Table C3. The specimen was loaded at a crack 
mouth opening displacement (CMOD) rate of 0.001 mm/sec. From the resulting load-CMOD 
curve, several fracture properties can be calculated (Figure C2). The details of these 
calculations and the testing regime are presented in Amirkhanian (2012). The specimens were 
tested at approximately 120 days and were cured in a fog room until testing. 
 
Table C3: DCT geometry dimensions as shown in Figure C1. 
Dimension Value (mm) 
D 152.0 
W 110.0 
C 35.0 
d 25.0 
a 27.5 
r 12.5 
B 51.0 
n 1.3 
h 3.0 
Dimensions B, n, and h are the 
specimen thickness, notch 
thickness, and knife-edge 
thickness, respectively. 
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Figure C1: Schematic of DCT geometry. 
 
Figure C2: Comparison of steel tire cord and polymer fibers. The sudden drops in load during 
the steel tire cord test indicate fiber breakage, as opposed to pullout. 
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The results of the fracture testing (Table C4) were checked for statistical equivalence 
using a two-sided t-test at the 95% confidence interval. The only key property that was 
statistically different was the total fracture energy up to 6 mm CMOD. This finding was expected 
due to the presence of fibers. Table C5 describes previous DCT tests with polymer fibers that 
have shown similar responses and fracture energies (Amirkhanian 2012). The previously tested 
specimens contained a similar volume fraction of fibers as was used in this study. However, 
those fibers were twice as long as the tire cord steel fibers used. In addition, it was thought that 
the pieces of rubber still remaining on the steel cord fibers and the smooth surface of the fibers 
would cause bonding issues within the concrete. These initial concerns appear to be 
unwarranted, as fracture testing has shown that the recycled tire cord steel fibers can and do 
withstand significant bending stresses after the crack has initiated. Due to the size and aspect 
ratio of these fibers, a significant number of fibers broke as opposed to pulled out during testing, 
which traditionally has not been a desirable feature for FRC. The higher quality of steel alloy 
probably offsets the higher steel fiber fracturing. Despite this feature, there still is potential to 
use such a widely available recycled product within concrete pavements. However, the issue of 
clumping, while easy to deal with in a laboratory setting, is a more critical one in the field when 
quality control targets must be met. This area deserves the most research effort to achieve the 
desired material properties and be field implementable. 
 
Table C4: DCT fracture testing results. 
Property PCC Steel FRC 
Statistically 
Identical? 
KIC [MPa*m1/2] 1.29 1.37 
Yes (p = 
0.3802) 
CTODc [mm] 0.0223 0.0211 
Yes (p = 
0.7071) 
E [GPa] 31.3 33.9 Yes (p = 0.1078) 
GF [N/m] 114.2 686.8 No (p = 0.0285) 
 
Table C5: Comparison of DCT fracture testing with other fibers. 
Property GF [N/m] Age Tested 
Tire Cord 686.8 120 days 
FRAP with fibers 492.9 40 days 
Limestone with fibers 730.8 220 days 
RCA with fibers 561.1 220 days 
 
C3. RECOMMENDATIONS 
Based on the preliminary results, tire cord steel is a viable alternative to synthetic or 
manufactured steel fibers for use in concrete pavements. The fibers provide excellent post-peak 
strength similar to other manufactured fibers. There are also environmental benefits to removing 
tires from the waste stream. However, the tire cord steel is an expensive alloy, and steel mills 
have been paying premiums for waste tire cord steel. The assumption that the fibers will be 
cheaper because they are coming from a recycled source may not necessarily be accurate. 
Inclusion of tire cord steel over manufactured fibers into concrete pavements would be optimal if 
the cost of the tire cord steel is significantly less than that of the manufactured fibers. It is 
recommended that further cost analysis be performed to determine the viability of incorporating 
these recycled fibers into concrete pavements. 
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